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Outline

❖ Introduction


❖ Machines design and challenges


❖ Expected physics performances (Higgs, EWK, Top and 
New Physics searches)


❖ Organization of studies 

❖ Conclusions 

2



P.	  Azzi	  -‐	  17/2/2016	  -‐	  Higgs-‐Maxwell	  PPWS

Physics Motivation
❖ (For the first time) The Standard Model is a consistent theory up to very high energies


❖ all couplings remain perturbative

❖ the standard model vacuum is however in a near-critical condition


❖ the Higgs quartic coupling crosses zero below the Planck scale (suggest new 
physics or at least the study of λ)

3



P.	  Azzi	  -‐	  17/2/2016	  -‐	  Higgs-‐Maxwell	  PPWS

❖ There must be something beyond the Standard Theory (or totally different!)


❖ Experimental proofs such as: 


❖ Cosmological Dark Matter

❖ Baryon Asymmetry of the Universe

❖ non-zero (but very small) neutrino masses 


❖ Plus, the small Higgs boson mass hints to crucial questions specific to the TeV scale 
that demand an answer and require exploration: 


❖ Hierarchy problem/Naturalness


❖ EW dynamics above the symmetry breaking scale

❖ Which way to go? 


❖ Direct searches for new heavy particles —> Colliders with larger energies

❖ Indirect search for effects of new physics on W,Z,H,top —> Colliders with 

unprecedented accuracy
4

where is everybody? (Nima)
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LHC Run2 comes first

5

FIND A NEW HEAVY PARTICLE(S) 

➡HL-LHC can study it  

➡if m<1TeV and produced in e+e- collision 
CLIC is a good option 

➡larger energies and luminosities needed 
to fully study the spectrum (FCC-hh)

FIND NO NEW PARTICLE, BUT HINTS 
FOR NON STANDARD HIGGS BEHAVIOR 

OR OTHER EXCESSES 

➡HL-LHC can somewhat improve precision 

➡Higgs and Z factories very interesting 
machines (FCC-ee) 

➡push energy frontier to its limits (FCC-hh)

FIND NO NEW PARTICLE, STANDARD HIGGS PROPERTIES 

➡push precision measurements to their limits (FCC-ee) 

➡push energy frontier to its limits hoping the NP scale is reachable 
(FCC-hh)

❖ 300 fb-1 at 14 TeV, first results in 2016
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the FCC project 
❖ Build a 100 km tunnel in the Geneva region

❖ Ultimate goal: highest energy reach in pp 

collisions: 100 TeV

❖ need time to develop the technology to 

get there


❖ First step: extreme precision circular e+e- 
collider


❖ variable beam energy from 90-175 GeV


❖ Two complementary machines covering the 
largest phase space in the high energy 
frontier


❖ a complete physics program for the next 
50 years
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FCC-ee: high luminosity from sqrt(s)=90-350GeV 

8

Unprecedented precision: a challenge also to theory expectations
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Selected FCC-ee beam parameters
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FCC-ee accelerator layout
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FCC-ee experimental conditions
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Beam lifetime & Top-Up Injection

13

Bhabha scattering cross section (σ~0.215 barn) implies a burn-off 
lifetime of ~20 min at 1e34 cm-2Hz


Reminder, SuperKEKB is a demonstrator:  τ~6min!



P.	  Azzi	  -‐	  17/2/2016	  -‐	  Higgs-‐Maxwell	  PPWS

Interaction region design
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IR Region & first hardware piece of FCC-ee
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3D	  printed	  prototype
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Energy calibration

16
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F.	  Zimmermann
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Very rich physics program

19
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First let’s study the Higgs!

❖ The projections for the Higgs coupling at the HL-LHC bring a factor 
1.5 to 2 on top of the Run2 (300 fb-1). Limited by systematic 
uncertainties. 


❖ The large statistics 3ab-1 allows sensitivity to H->μμ 

❖ measurement of the coupling to 10% 


❖ is this precision good enough for a discovery?  

❖ Need 1% precision on coupling for a 5σ discovery if Λ =1TeV

20

Coupling) LHC)Run1) LHC)(300)121)) LHC)(1)ab21)) HL2LHC)

κW 15%) 426%) 325%) 225%)

κZ 20%) 426%) 325%) 224%)

κt 50%) 14215%) 10212%) 7210%)

κb 40%) 10213%) 6210%) 427%)

κτ 25%) 628%) 426%) 225%)

Typically,)expect)deviations:  
Δκ/κ <)~5)%)/)Λ2)

(with&Λ&in&TeV)&
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Precision Higgs Physics @FCC-ee
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Precision Higgs Physics @ FCC-ee
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Higgs Physics (1)
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Summary of precisions
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Precision on Higgs couplings
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Higgs Physics @100TeV

26

√s,$NP$

√s,$NP$

ILC500,'HL)LHC'''''''''''ILC1TeV,'HE)LHC''''''''''''CLIC3TeV,'VHE)LHC'

(NP=New$Physics$reach)$

HF2012 

TLEP'

±20%

J. Wells et al. 
arXiV:1305.6397 

FCC-hh

FCC-hh

FCC-ee
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Indirect determination of the Higgs total width

27
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Pinning down the Standard Model
❖ EWK fits have shown their predicting power in the case of the Higgs 

mass: they could show the presence of new physics effects

❖ theory needs to advance as well as the experiments to match the 

precision expected at the Fcc-ee

❖ precision goals to be confirmed by complete studies 

28 From arXiv:1308.6176 
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SM after FCC-ee

29

❖ In absence of New Physics the mtop vs mW plot would look 
like this: 

Patrick Janot 
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LEP1 and SLD
LEP2 and Tevatron

March 2012

Precision)electroweak)physics)at)FCC4ee)(10))
!  Comparison)with)potential)precision)measurements)at)linear)colliders)

◆  Beam)energy)measurement)(compton)back4scattering,)spectrometer))to)~1044)
●  mZ)and)mW)not)measured)to)better)than)5410)MeV)at)ILC)

➨  In)absence)of)new)physics,)the)(mtop,)mW))plot)would)look)like)this)

◆  Constraints)on)new)physics)?)

4-5 August 2014 
Physics at Future Colliders 
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Precision EWK measurements (1)
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Precision EWK measurements (2)

31
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Tera-Z: example of target accuracies

32
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Direct α(QED) measurement

33
P.	  Janot

❖ Standard method involves extrapolation from αQED(0) to αQED(MZ). 


❖ Error dominated by dispersion integral over hadronic xs (low energy res) 

❖ Profit of large statistics: measuring αQED directly close to the Z
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Oku-W physics program

34
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mW and ΓW from threshold scan

35

The	  interest	  in	  the	  σWW	  (E)	  
lineshape	  could	  go	  beyond	  
mW	  and	  ΓW	  

P.	  Azzurri



P.	  Azzi	  -‐	  17/2/2016	  -‐	  Higgs-‐Maxwell	  PPWS

Precision top physics: mass 

❖ Different luminosity spectra in different machines: no beamstrahlung tail for FCC-ee. 

❖ Expected 1M top pairs produced

36

λtop ~13% with 
indirect extraction 
from threshold scan.


To improve need 
higher energy or 
FCC-hh. 
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1D fit with external input

37

Contribute from Δαs of ~30MeV per 0.0007 
In situ Δαs~0.0002 might reduce this by x3!F.	  Simon
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Precision top physics: FCNC & Rare-decays

❖ rare decays and FCNC are a real gold mine 
(i.e. t->Zq, γq, Zc). The improvements come 
from: 


❖ large statistic at 350GeV in pair production

❖ can profit of  single top production at 240 

GeV 

❖ clean final states   

38

Benjamin Fuks - 24.09.2014 - 

FCC@CERN                                    Top pair production                                    Single top and FCNC                                    Parton densities                                    Summary

Top physics opportunities at Future Circular Colliders

Rate top decays: also a TLEP case

30

✦ FCNC production of a top and a light quark!!
✤ At a center-of-mass energy of 240 GeV 

)γ q→BR(t 
-610 -510 -410 -310 -210 -110 1

 q
Z)

→
B

R
(t 

-610

-510

-410

-310

-210

-110

1

ATLAS (7 TeV)

CMS (7+8 TeV)

q=u q=c
CMS (8 TeV)

95% C.L Excluded Region

Graph

-1ATLAS, 14TeV, 300 fb

-1FCC-ee, 240 GeV, 10 ab

[ K
hanpour et al. ]

✦ Inclusive approach via tt production cross section!!
✤ At a center-of-mass energy of 350 GeV !
✤ Five-year scan of the top-antitop threshold

[ Stew
art (AIP C

onf. Proc. ’02) ]

_

✤ Indirect constraints from the top width!
★ Constraining the magnitude of the rare decay modes

✤ Gain of 1.5 order of magnitude w.r.t. LHC 

[ TLEP Design Working Group (JHEP’14) ]

expectations from theory

New	  studies	  ongoing	  	  
for	  the	  l+jets	  and	  	  
all-‐hadronic	  channel	  
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Top Electroweak Couplings

39

• Access the separate components from the 
ttZ and ttγ couplings and possible anomalous 
contributions from the top decay properties. 

• Top polarization information is maximally 
transferred to its final state via the weak 
decay

• the lack of beam polarization is 
compensated by the final state 
polarization and by the larger 
statistics (1.6M top in 3 years)  

• Some optimal observable can be defined. In 
the case of tt->l+jets:  the lepton polar angle 
and its reduced energy.

• main systematics comes from predicted 
event rate 

-‐	  target	  precision	  at	  the	  per-‐mil	  level	  	  
-‐	  no	  need	  for	  high	  energy	  runs,	  far	  
above	  the	  threshold	  (√s=365	  optimal	  )

sqrt(s)	  GeV



New Physics behind precision
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Accuracy on Top Couplings

41
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BSM potential:  Composite Higgs model 

42 S.	  De	  Curtis,	  S.	  Moretti
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New physics searches with Tera-Z
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SUSY tests: from EWK & Higgs precision
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Indirect BSM constraints: EFT fits

45 Ellis	  &	  You	  ‘15
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DM potential at FCC-ee

46

❖ In traditional WIMP models, DM carries SM(weak) charges


❖ Other models where FCC-ee can be particularly relevant: SM neutral DM+light 
mediators (could be the Higgs itself) 
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FCC-ee Study group organization

47



P.	  Azzi	  -‐	  17/2/2016	  -‐	  Higgs-‐Maxwell	  PPWS

FCC-ee studies time line 

48

❖ FCC-ee studies are part of the FCC design study time-line 

❖ now half-way through the conceptual design period. « Conclusion » expected within a year. 
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Conclusions
❖ The physics potential of the FCC project, in its complete form, allows: 


❖ unprecedented precision measurements at very large integrated 
luminosity and a clean environment with FCC-ee 


❖ unprecedented reach for precision on rare and (hopefully) new 
processes at higher energy with FCC-hh


❖ If no new physics is found in Run2 of the LHC this program would 
allow to push further the boundaries of our knowledge 


❖ To achieve this immense physics program there are extreme 
accelerator, detector, reconstruction and theory challenges to be 
studied and overcome in the next 30 years.


❖ a quite active and enthusiast community. Lots of new 
developments in the last year. Need to keep the momentum!

49
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REGISTER	  HERE	  TO	  FOLLOW	  FCC-‐ee	  ACTIVITIES	  
https://cern.ch/fcc-‐ee

https://cern.ch/fcc-ee
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Reminder FCC-ee physics program

51
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Detector Requirements

53

M.	  Dams	  et	  al.
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Detectors for FCC-ee

54
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Expected deviations from benchmark models

57

Arbitrary precision is not the goal ... discovery 
is

• Is the precision achievable by the 
HL-LHC good enough to make a 
discovery? 

• Depends on what the new 
physics is! 

• Some models induce larger 
deviations from SM than 
others 

• Many models being 
investigated in this light 

• For some BSM scenarios 

• HL-LHC is good enough 

• If Nature is not cooperative, 
greater precision needed To exclude x% at 95% CL: need x/2% measurement.

To discover x% at 5�: need x/5% measurement.

Work needed to push theory uncertainties below 1%.

MSSM (2nd doublet, constrained potential; c ⇠ 1 is loops; tan� > few (=5 in last row)):

�ghV V

ghV V
' �2c2cot2 �

M4
Z

M4
A

�ghtt,cc
ghtt,cc

' �2c cot2 �
M2

Z

M2
A

�ghbb,⌧⌧
ghbb,⌧⌧

' 2c
M2

Z

M2
A

2% ! MA ⇠ 130 GeV MA ⇠ 180 GeV MA ⇠ 920 GeV

Composite Higgs (Minimal model; composite resonances at gTC · f < 4⇡f):

ghV V

SM
=

q
1� v2/f2 ghff

SM
=

⇢ p
1� v2/f2 (MCHM4)

(1� 2v2/f2)
p

1� v2/f2 (MCHM5)

2% ! f ⇠ 1200 GeV f ⇠ 1200 GeV / 2800 GeV

Mres < 15 TeV Mres < 15 TeV / 35 TeV

Top-partners (for quadratic divergence cancellation; assume no mixing):

�ghgg,��,Z�

ghgg,��,Z�
' (loop factor)⇥

✓
m2

t

m2
T

◆

2% ! mT ⇠ 850 GeV (gg) mT ⇠ 450 GeV (��) [scalar pair]

mT ⇠ 1200 GeV (gg) mT ⇠ 640 GeV (��) [fermion]

Heather Logan (Carleton U.) Higgs Colloquium panel Snowmass 2013

2

8

FIG. 9: �gb/g
SM
b as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

FIG. 10: �g⌧/g
SM
⌧ as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

ble within the supersymmetric framework. The last row
in Table I reports anticipated 1� LHC sensitivities at
14TeV with 3 ab�1 of accumulated luminosity [5].
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�hV V �ht̄t �hb̄b
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal Supersymmetry < 1% 3% 10%a, 100%b

LHC 14TeV, 3 ab�1 8% 10% 15%

TABLE I: Summary of the physics-based targets for Higgs
boson couplings to vector bosons, top quarks, and bottom
quarks. The target is based on scenarios where no other exotic
electroweak symmetry breaking state (e.g., new Higgs bosons
or ⇢ particle) is found at the LHC except one: the ⇠ 125GeV
SM-like Higgs boson. For the �hb̄b values of supersymmetry,
superscript a refers to the case of high tan� > 20 and no
superpartners are found at the LHC, and superscript b refers
to all other cases, with the maximum 100% value reached for
the special case of tan� ' 5. The last row reports anticipated
1� LHC sensitivities at 14TeV with 3 ab�1 of accumulated
luminosity [5].

cussions about FeynHiggs and A. Thamm for suggestions
on the section on composite Higgs models.
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