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    FCC_hh: the physics program 
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Main ingredients/questions
1.  Could we understand the dynamics of the Electroweak Symmetry 

Breaking?

2. Search for physics beyond the Standard Model using precision 
measurements of the Standard Model particles.

3. Could we interpret the bariogenesis as a sub-product of the 
    cosmological Electrowek phase transition?

4. Search for physics beyond the Standard Model looking for
new massive particles or new interactions. 
A “natural solution”  for  the hierarchy problem?

5. Is TeV scale dynamics (i.e. WIMPS) at the origin of Dark Matter?
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Assumption: The “dream” scenario.
1. FCC-hh starts 5y after FCC-ee yielded fantastic precision measurements
    on Higgs couplings, top and W mass +…..
2. FCC-ee and FCC-hh run in parallel.
3. Integrated luminosity for FCC-hh: 3-10ab-1.

Disclaimer
No mention of HI, fixed target experiments and many other opportunities (including 
physics with the injectors) to perform marvelous physics measurements at FCC-hh.
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The Standard Model 
or 

“The Theory”?
With the inclusion in the Standard Model of a 125GeV Higgs boson, for the first time 

in history, we have a description of nature that could be consistent up to very 
high energy. 

A light boson, could in principle rule its self-interactions and the Yukawa interactions 
with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

If we could be able to prove it, this would be in itself an outstanding 
discovery: for the first time we could describe nature with a theory that 

remains valid over 15 orders of magnitude in energy. 

In this scenario we should definitely change the name and use instead 
“The Theory”

Too early tough!
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The Higgs boson: a source of a new set of questions 

MLM FCC Kick-off Meeting
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Can we live without new physics?
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Why 100TeV?
Fully understand the dynamics of the EWSB

•  Probing the unitarization of WW scattering at m(WW)>>TeV
What is the underlying dynamics? Weakly or strongly interacting?

•  Explore the dynamics well above EWSB
Other interactions? Other particles beyond the SM Higgs?

“Fatti non foste a viver come bruti ma per seguire virtute e canoscenza” 
Dante Alighieri 
Inferno CantoXXVI 

Direct access to the EW theory in the 
unbroken regime √s>>v=246GeV.
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“Bread&butter”@100TeV

•  QCD jets up to 25-30TeV: running of αs 
•  Explore quark compositeness up to 140TeV!
•  Off-shell W and Z production above 10TeV DY massà measurement of the running
of the EW couplings (sensitive to new weakly-interacting particles). 
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WW scattering @ very high energy
In the SM the Z and H exchange diagrams diverge but cancel exactly each other.
Any anomaly in the couplings (parametrized as a and b) would have dramatic effects
The total WW scattering/Higgs pair cross section would diverge with the fourth power 
m4(WW,HH).
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Electroweak interactions at high energy

Large statistics of multiboson events.
Significant signals also in the high mass tails.

Extensive probing of the EW interaction
in the High Energy regime.
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Precision study of the EW Phase Transition

1.  O(1%) precision in measuring the Higgs couplings could be as important
as direct searches for new physics.

2. Study of triple Higgs coupling (… and quadruple).
3. Search for new sources of CP violation connected to Higgs interactions.
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Higgs/top cross sections @100TeV
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Higgs and top physics with 10ab-1@100TeV
1010 Higgs bosons  104 today’s statistics
Precision measurements, rare decays, probe FCNC decay modes (i.e. Hàeµ)

1012 top quarks 5x104 today’s statistics
Precision measurements, rare decays, probe FCNC decay modes (i.e. tàcH,
tàcZ, or cg, cγ); CP violation; BSM decays

Clean, high intensity particles “beams” from the top decays

•  1012 W bosons
•  1012 b jets
•  1011 tàWàτν
•   a few 1011 tàWàcharmed hadrons
•  ….
Rare decays of the τ (τà3µ, τàµγ, CPV..) and of the charm ( Dàµµ, CPV..) 
Room for new ideas on detectors optimized for special final states 
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Higgs Physics @100TeV

The two most difficult processes, ttH and HH, will be key players in the new machine.
If you require high invariant mass in the final states the gain can be much higher.
i.e. ttH with pT

top>500GeVà gain of ~250
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Higgs Physics @100TeV
There is a “natural” complementarity between FCC-ee and FCC-hh for what concerns 
the Higgs couplings.

Coupling like HWW and HZZ are already strongly constrained by EWPT and 
deviations from the SM values (if any) are supposed to be small.
FCC-ee could do here a great job:

Coupling involved in rare decays Hàµµ HàZγ and HHH will be much less 
constrained even by FCC-ee.

FCC-hh is the big player for λ, λt, kµ kZγ  
.
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ttH and HHH coupling

NB the triple Higgs boson coupling here is measured considering only the bbγγ final state.
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Higgs rare decays
HàZγ

kZγ measured at 40% with 300fb-1 and 10% with 3000fb-1 at LHC13; difficult to 
go much below for FCC-ee. 
kµ direct coupling to fermions of the second generation measured at 20% with 
300fb-1 and 7% with 3000fb-1 at LHC13; difficult to go much below for FCC-ee. 

FCC-hh could target the 1% precision for these couplings.
In many cases we could use the ratio of the Branching Ratios to export the sub
% precision of the FCC-ee to channels accessible to FCC-hh

Hàµµ
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Top physics with 10ab-1@100TeV
1012 top quarks 5x104 today’s statistics

Huge statistics of tt-bar
systems at very high 
invariant massàlarge
indirect sensitivity to 
new physics (virtual 
effects producing 
anomalies in well 
predicted variables) 
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Entering the multi-top world
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Access to the top PDF
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Direct search of BSM particles @100TeV
•  The new energy regime allows looking for particles of 30 TeV and heavier.
•  High statistics for a detailed exploration of the ~TeV regime.
•  Access to very rare processes (including some stealth decay-modes) in the 
  subTeV region
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Search for the third generation squarks

With LHC at 13/14TeV and 300 fb-1the current limits could gain a factor 2 
and pass the 1TeV mark.

With 3000fb-1the additional gain will be marginal (~20%).

No hint @ 300 fb-1à no much fun@ 3000fb-1
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Stop exclusion limits @100TeV
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FCC-hh challenges SUSY model builders

14TeV 100TeV

Fraction of pMSSM parameter space that can be explored by LHC14 and FCC-hh.
Dark matter constrains are also included.

Arbey, Battaglia, Mahmoudi
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Search for Heavy Resonances

Rule of thumb: factor 5 in mass reach for FCC-hh @ 3000fb-1 wrt LHC14 3000fb-1

FCC-hh sensitive to Z’ in dileptons up to 30-35TeV

3TeV

7TeV

35TeV
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Other exotic states
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Search for WIMP candidates for dark matter

Beware: dark matter could well be axions or other strange beasts that do not 
like to produce signals in our colliders. 
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Conclusion and next steps
The physics program of FCC-hh is absolutely magnificent. 
Plenty of room for new ideas.
The exploration of the new energy regime will change in depth our
current vision of matter and the Universe. Data will decide in which
direction.

Next steps
1. Study the properties of the main physics objects (jets, high pT 
objects, b/tau/top/Higgs-tagging, VBF topologies etc
 in the new kinematical regime.

2. Study the implications at detector/trigger level: implement a series
of requirements.

3. Improve the theoretical understanding of the new territory (PDFs, 
MCs generators, constrains on the new physics scenarios coming from
precision measurements (including FCC-ee).
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Projection on the couplings:  300fb-1-3000 fb-1 

5-10%@LHC 
14TeV and 300fb-1. 

Scenario 1: no 
improvements in 
systematics
Scenario 2: theory 
uncertainties halved and 
systematics scaling as 
1/sqrt of the integrated 
luminosity.
 

< 5%@LHC 14TeV 
and 3000fb-1, only 
if systematics 
can be drastically 
reduced.


