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FCCs: European Strategy implementation
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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

❖ Intermediate 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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The Future Colliders on the map

FCC	  (100	  km) 
[Future	  Circular	  Colliders] 
First	  step:	  FCC-‐ee	  (90-‐400	  GeV) 
[Z,	  W,	  H,	  top	  factories] 
Ultimate	  goal:	  FCC-‐hh	  (100	  TeV) 
[Access	  to	  highest	  energies]

ILC	  0.5	  TeV	  (30km) 
ILC	  1	  TeV	  (50km) 
CLIC	  3	  TeV	  (50km)

ex.	  Geneva	  basin

LEP3

High energy

H and top factory
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LHC Run2 comes first
❖ 300 fb-1 at 14 TeV, first results in 2016
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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)



the Bottom line
❖ Physics opportunities at FCC-hh are unique


❖ Discovery reach for massive particles superior to multi-TeV e+e− machines (CLIC)

❖ Better precision than e+e− machines for processes requiring large √see 


❖ e.g., ttH, HHH, WW scattering

❖ Fantastic potential for rare decays

❖ FCC-hh is the ultimate energy-frontier machine – and the study is only beginning !


❖ It will take time before FCC-hh be realized ( > 2050 ?)

❖ Loads of R&D ahead for high-field dipoles magnets

❖ Power consumption is a challenge

❖ Beyond-the-state-of-the-art detectors must be conceived

❖ Huge construction costs must be reduced to make it affordable

❖ CERN budget is what it is… (so far)


❖ The next machine after the LHC will probably be an e+e− collider

❖ Be it only to measure precisely the properties of the newly-discovered Higgs boson


❖ “We would be crazy not to study the ee option in the FCC ring” (Rolf Heuer)
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FCC-hh: life at sqrt(s)=100TeV
❖ Numerology for 10ab-1 @100TeV

❖ 1010 Higgs bosons => 104x today 

❖ 1012 top quarks => 5 104 x today


❖ =>1012 W bosons from top 
decays


❖ =>1012 b hadrons from top 
decays 


❖ =>1011 t->W->taus

❖ few 1011 t->W charm hadrons

10

➡precision measurements
➡rare decays
➡FCNC probes: H->eμ

➡rare decays   τ->3μ, μγ, CPV

➡rare decays   D->μ+μ-,… CPV

Amazing potential, extreme detector and reconstruction challenges 

➡precision measurements
➡rare decays
➡FCNC probes: t->cV (V=Z,g,γ), 

t->cH
➡CP violation
➡BSM decays ???

FCC-hh



FCC-ee: high luminosity from sqrt(s)=90-350GeV 
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FCC-ee

Unprecedented precision: a challenge also to theory expectations



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
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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)&



Precision on Higgs couplings
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FCC-ee

❖ Lepton colliders easy choice when looking for extreme precision:  
❖ No pile-up. No backgrounds. Triggering is easy

❖ No underlying event. Known energy and momentum of the final state: can use conservation laws!


❖ FCC-ee might achieve a precision <1% on the Higgs couplings. Sensitive to multi-TeV NP effects. 

FCC-ee



Precision on Higgs couplings
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Higgs physics @ 100 TeV
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Process' 14'TeV' 33'TeV' 100'TeV'

gg'�'ttH'
0.62%pb%

%
4.5%pb%
×'7.3'

37.8%pb%
×'61'

gg'�'HH'
33.8%-%

%
206%-%
×'6.1'

1.41%pb%
×'42'
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Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
coupling, which contributes to gg→HH

gttHH = Δ (ytop / v) 
g3H = g3HSM

A ⇠ m2
t

v2
A ⇠ g3H

m2
t

v2

m2
H

ŝ
log

2

✓
ŝ

m2
t

◆
A ⇠ gttHH

m2
t

v2
log

2

✓
ŝ

m2
t

◆

gttHH = 0 
g3H = (1+Δ) g3HSM

Contino et al, arXiv:1205.5444

❖ ttH & HHH coupling

λt 4% 14% 4% 2% 4% <4% 3% 1%

FCC-hh

advantage even bigger 
R(100)=250 for 

σ(ttH, Pt(t) >500GeV) 



Higgs Physics @100TeV
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√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



SM after FCC-ee
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❖ 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 


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

Patrick Janot 

80.3

80.4

80.5

155 175 195

LHC excluded

mH [GeV]
114 300 600 1000

mt  [GeV]

m
W

  [
G

eV
] 68% CL

6_

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)
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◆  Constraints)on)new)physics)?)

4-5 August 2014 
Physics at Future Colliders 
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Tera-Z and Oku-W
❖ Hadronic Z event rate ~15kHz in the detector. 


❖ LEP1 physics program in 15 minutes! 

❖ Measure the Z line shape accumulating 1012 Z bosοns in a 
energy scan. Could reach 100 keV on MZ and ΓZ  

❖ improvement on method to measure the c.o.m. energy 
(profit on the large number of bunches)


❖ Huge statistics allows improvement on many other 
observables like Rl and αs(MZ) determination 

❖ Measurement of ALR with longitudinal polarization: could reach 
~2.10-6

 on sin2theta


❖ challenging, dedicated run with lower luminosity?

❖  MW mass measurement from WW production threshold scan, 

could reach ~0.5 MeV

❖ Multi-gauge bosons production: VV, but also WWγ, WWZ, 

γγγ, WWH. Using differential distribution to separate for 
example, the different polarization components

18
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what changes at 100 TeV: SM 

❖ Higher rate for sub-TeV phenomena: also 
populating the high boost tails


❖ Access to rare decays and multi-boson 
production
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FCC-hh

10% probability for a W 
emission by a quark jet!



WW scattering at high energy
❖ In the SM the Z and H exchange diagrams diverge but exactly cancel each other


❖ anomalous couplings, as hints from New Physics, would have dramatic effects 

❖ the total WW scattering/Higgs pair cross section diverge with m

4
WW,HH

20
18

= +

W+ W+

W+W+

Z0 H0
(1–a2) E2 / MW2 + ...

E→∞

High-energy WW scattering

∝ E2/MW2 + ... ∝ – a2 E2/MW2 + ...

= +

W+

W–

W (b–a2) E2 / MW2 + ...  
+ threshold terms 
proportional to 
HHH coupling

E→∞

∝ b E2/MW2 + ... ∝ – a2 E2/MW2 + ...

• a=b=1 in the SM
H0

W W

= a ghvvSM = b g2h2vSM

H0 H0

W W

H0

H0

H0

H0

H0

H0

• In general, a,b≠1 and a≠b

W+
W+

W– W–

Precision on a and b:

~30% at HL-LHC 14 TeV

~1% with FCC-hh 100 TeV 

Precision on a: 

~1% with ILC

~ 0.1% with FCC-ee  

FCC-hh



Precision top physics: mass 

❖ Different luminosity spectra in different machines: no beamstrahlung tail for FCC-ee. Keeps a 
sharper main peak, which means better statistics & sensitivity 


❖ For 100 fb
-1

, with 1D mass fit 16 MeV achievable (from a study performed with ILC software). 
Possible improvements down to 10 MeV using αs information from Tera-Z 


❖ Expected 1M top pairs produced: classic event reconstruction strategy can be used as well 
(different systematics)
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FCC-ee

Lumi%/%5%years- #%top%pairs- Δmtop- ΔΓtop- Δλtop/λtop-
TLEP- 4%×%650%9:1- 1,000,000- 10%MeV%- 12%MeV- 13%-

ILC$ 350()*1$ 100,000$ 30(MeV$ 35(MeV$ 40%$

λtop ~13% with 
indirect extraction 
from threshold 
scan.


To improve need 
higher energy or 
FCC-hh. 



Precision top physics: FCNC & Rare-decays
❖ The large statistics allows to improve significantly the 

measurement of the various top couplings: gtWZ, ttZ/
ttγ 

❖ But rare decays and FCNC are the 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   

22

FCC-ee

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
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✦ 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

Easy way to find new 
physics signatures!



top physics @100 TeV

❖ Many produced top-antitop systems have a very 
large invariant mass


❖ Produced top(anti)quarks have a very large 
transverse momentum tails

❖ Explore tagging of multi-TeV top!


❖ study mass resolution for resonance searches, 
define search potential (σBSM vs MBSM)23

FCC-hh



Opening the multi-top window

24

FCC-hh



Journée "Futur de la physique des particules"

Discovery potential: The neutrino connection (1)
❖ New physics might not be heavy – only couplings may be very small


❖ Example : three sterile right-handed neutrinos to complete SM (νMSM)

23 Janvier 201525

◆ Nearly	  impossible	  to	  find,	  but	  could	  perhaps	  explain	  it	  all	  !	  
● Small	  mν	  (see-‐saw),	  DM	  (light	  N1),	  and	  B.A.U.	  (νN2,3	  osc.)	  
● Small	  deficit	  in	  Z	  invisible	  width	  (νN	  mixing),	  reactor	  anti-‐neutrino	  anomaly,	  …

M.	  Shaposhnikov

S.	  Lavignac



BSM Physics: Sterile Neutrinos ?  
❖ Number of neutrino families from LEP Nν=2.984±0.008 


❖ potential to improve to ±0.001 using e+e—>Zγ (not 
enough statistics at LEP)


❖ Search for sterile neutrinos in Z decays:  

❖ Number of events depends on mixing between N and 
ν, and mN

26

(Very) Displaced SV,
detector challenge!

N. Serra 7th FCC-ee workshop

FCC-ee



BSM Physics: Supersymmetry?
❖ one (my favorite) example: search for third generation squarks


❖ Mass reach extended by a factor 2 with LHC 14TeV(Run2) : covers the 1TeV 
(favorite) region

❖ HL-LHC extends the reach by 20%


❖ However if NO excess in 300fb
-1 

the HL-LHC potential vanishes entirely
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FCC-hh : Discovery opportunities
❖ Potential for new particle discovery : Rules of thumb


❖ A factor ~5 in mass reach  from LHC (14 TeV, 300 fb-1)  to FCC-hh (100 TeV,3 ab-1)

❖ Then add ~1 to this factor for each increase of luminosity by a factor 10.


❖ Comparison with CLIC-3TeV (Z’)

❖ Direct: ~1.5 TeV

❖ Indirect: ~15 TeV

28

Particle LHC,	  300	  fb-‐1 FCC-‐hh,	  3	  ab-‐1

Gluino 2	  TeV 11	  TeV

Stop 1.2	  TeV 6	  TeV

Z’,	  W’ 5	  –	  6	  TeV 30	  –	  35	  TeV

Based on parton luminosities



Supersymmetry @100TeV
❖ Production in pp collisions: 


❖ if the spectrum is heavier only higher energy can extends the discovery reach

❖ if no hints at Run2, the HL-LHC has no chance of discovery


❖ Discovery reach for gluino: up to 5 TeV at HL-LHC —> 11 TeV with FCC-hh 
❖ Discovery reach for stop: up to 3TeV with HL-LHC —> up to 6 TeV with FCC-hh

29you are here

FCC-hh



Stops at 100 TeV

30

FCC-hh



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.
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BACKUP INFORMATION



Dark Matter
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EW interactions at high energy
❖ At 100TeV large statistic of multi-boson 

production events

❖ Need to see how high can we go in multiplicity? 


❖ Experimental issues important: acceptances/
efficiencies. 


❖ Can we use (boosted) hadronic decays? 

❖ what can we learn? How?  


❖ 100fb with M(WW)>~3 TeV

❖ 1fb with M(HH)>~1 TeV


❖ For instance there is a 10% probability of a W 
emission from a quark jet! 

34
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Access the top PDFs
FCC-hh



An historical perspective
❖ 1970-1990


❖ Precision measurements of neutral currents: predicted mW and mZ

❖ The CERN SppS(UA1, UA2) discovered the W and the Z

❖ The CERN LEP(and SLC) nailed the Gauge sector


❖ 1990-2000

❖ Precision measurements of the gauge sector at LEP/SLC: predicted top

❖ The FNAL Tevatron(CDF,D0) discovered the top

❖ A collider to nail the top sector? Does the LHC suffice? 


❖ 1995-2015

❖ Precision measurements of mW and mtop(LEP, TeVatron): predicted mH

❖ The CERN LHC(CMS,ATLAS) discovered the SM Higgs boson

❖ A collider to nail the scalar sector? Does the LHC suffice? 
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FCC-ee in one page (reminder)

❖ Intermediate step in the FCC global project 

❖ Very high luminosity + up to 4 Interaction 

Points

❖ Beam energy from 45 to 175(250) GeV 

❖ Main physics Program vs beam energies: 

37

Z(45.5 GeV): Z pole, ‘TeraZ’, high precision 
MZ,ΓZ


W(80 GeV): W pair production threshold 
(Oku-W)


H(120GeV): ZH production threshold


t(175 GeV): tt threshold (Mega-top)



Expected deviations from benchmark models

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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❖ if new physics scale at 1TeV

FCC-ee



Polarization 

9 

Two main interests for polarization: 

! Accurate energy calibration using resonant     
depolarization ⇒ measurement of MZ, ΓZ, MW 
o Nice feature of circular machines, δMZ, δΓZ ~ 0.1 MeV 

! Physics with longitudinally polarized beams. 

o Transverse polarization must be rotated in the longitudinal 
plane using spin rotators (see e.g. HERA). 

LEP 

Scaling the LEP 
observations : 

polarization expected up to 
the WW threshold ! 

Precession 
frequency ∝ E 

Integer spin resonances are spaced 
by 440 MeV:  

energy spread should 
remain below ~ 60 MeV 

FCC-ee



More SM fundamental measurements

40
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ttH <1%
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❖ Invisible Higgs decay: complementary to direct DM search

❖ Improves the DM search at low masses

❖ Could reach <0.2%(model independent)


❖ Higgs self coupling

❖ difficult, but measurable via double Higgs production

❖ Expected precisions still being worked out, possibly a 30% reachable with 

the full @HL-LHC statistics (using bbγγ)

❖ new physics models do not predict deviation larger than 20%==> FCC-hh

High precision: Higgs physics

44

Higgs Self-Coupling
• If the observed Higgs particle is really 

the quanta of a field with non-zero 
expectation value responsible for EWSB 

• Mass of the particle must be 
related to λSM of the potential 

!
!

• LHS is being measured directly by 
H to ZZ to 4l etc. 

• RHS can be accessed by studying 
rate of di-Higgs production 

• Contributing diagram involving 
Higgs self coupling, gHHH 

• Negative interference with other 
diagrams

Preliminary expectation of ~30% precision, 
studies ongoing (bbττ,bbγγ,bbWW modes)

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

-
ghhh ⌘ 3�v =

3M2
H

v

M2
H = �v2

V = µ2�†�

+
1

2
�(�†�)2

gHHH#=#3#mH
2/v#

Invisible Decays of the Higgs

• As discussed, detection of any 
deviation in expected Higgs BR 
would be interesting 

• Even more interesting if these 
deviations come at expense of 
some Higgs decaying to 
undetected particles 

• Direct indication of BSM 
physics 

• Many BSM scenarios predict 
“Invisible” particles   

• SUSY LSP 

• Dark Matter candidates 

• Might be able to extract DM-
nucleon cross-section

Current limit is BR < 65% (ATLAS)

1 Introduction

Some extensions to the Standard Model (SM) allow a Higgs boson [1–3] to decay to stable or long-

lived particles that interact with the Higgs boson, but have only weak interactions with other elementary

particles. Results obtained so far in the search for the SM Higgs boson do not exclude the possibility of a

sizable branching ratio to invisible particles for the SM Higgs boson candidate at mH ∼ 125 GeV [4, 5].
Combined LEP results [6] have excluded an invisibly decaying Higgs boson for mH < 114.4 GeV under
the assumption that such a Higgs boson is produced in association with a Z boson at the rate expected

for a SM Higgs boson and that it decays predominantly to invisible particles. A further Higgs-like boson

decaying predominantly to invisible particles is not excluded for mH > 115 GeV. This note presents a
search for decays to invisible particles for a narrow scalar boson produced in association with a Z boson

with the same cross section as the SM Higgs boson and having a mass between 115 and 300 GeV. The

results are also interpreted in terms of the 125 GeV Higgs boson candidate, where the ZH production

cross section is taken to be that predicted for a SM Higgs boson.

2 Signal Model and Analysis Overview

The signal process searched for is the associated production of ZH. The Higgs boson is assumed to

decay to invisible particles as shown in the Feynman diagram in Figure 1. The Z boson decaying into

electrons or muons is considered for this analysis. The SM ZH cross section formH = 125 GeV is 316 fb

at
√
s = 7 TeV and 394 fb at

√
s = 8 TeV [7, 8]. It is calculated at NLO [9] and at NNLO [10] in QCD,

and NLO EW radiative corrections [11] are applied. Including the requirement that the Z boson decays

to e, µ, or τ reduces these cross sections to 31.9 fb and 39.8 fb respectively. A very small SM contribution
to the ZH → ℓℓ+ inv. final state arises when the Higgs boson decays to four neutrinos via two Z bosons.
The predicted cross section of this process for mH = 125 GeV is 3.4×10−2 fb at

√
s = 7 TeV and

4.2×10−2 fb at
√
s = 8 TeV. The present search is not sensitive to this particular process although it is

part of the signal, but instead searches for enhancements of the invisible decay fraction due to physics

beyond the Standard Model (BSM).

q

q

Z
H χ

χ

Z

l−

l+

Figure 1: Leading Feynman diagram of the associated ZH production. In this search the Z boson must

decay to charged leptons and the Higgs boson must decay to invisible particles which are generically

represented by χ.

The POWHEG [12] interfaced with HERWIG++ [13] Monte Carlo (MC) generator is used to simu-

late the signal. In the simulation the associatively produced Z boson is forced to decay to e, µ, or τ. The
invisible decay of the Higgs boson is simulated by forcing the Higgs boson to decay to two Z bosons,

which are then forced to decay to neutrinos. For most distributions shown in this note the signal simu-

lation is normalized assuming the SM ZH production rate and a 100% branching fraction of the Higgs

boson to invisible particles. Signal samples are generated at Higgs boson masses of 115, 120, 125, 130,

150, 200, and 300 GeV.
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Figure 10: 1 - Confidence level (CL) (a) and profile likelihood (b) scanned against BR(H → invisible)
for the SM Higgs boson with 125 GeV mass. The dashed line shows the expected values, whereas the

solid line indicates the observed values. The red solid lines indicate the 68% and 95% CL for (a).

on the cross section times invisible branching fraction of a possible additional Higgs-like boson over the

mass range 115 GeV < mH < 300 GeV. No excess is observed over the mass range.
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14 4 Higgs Boson Properties

Table 1: Summary of the information on the analyses used as input in this combination, includ-
ing decay mode, production channel (tag), final states, analysis categories, mass resolution, and
documentation.

H decay prod. tag exclusive final states cat. res. ref.

gg

untagged gg (4 diphoton classes) 4 1-2%

[6]VBF-tag gg + (jj)VBF 2 <1.5%
VH-tag gg + (e, µ, MET) 3 <1.5%
ttH-tag gg (lep. and had. top decay) 2 <1.5% [22]

ZZ ! 4` Njet < 2 4e, 4µ, 2e2µ

3 1-2% [7]
Njet � 2 3

WW ! `n`n

0/1-jets (DF or SF dileptons) ⇥ (0 or 1 jets) 4 20% [8]
VBF-tag `n`n + (jj)VBF (DF or SF dileptons) 2 20% [23]
WH-tag 3`3n (same-sign SF and otherwise) 2 [24]

tt

0/1-jet (eth, µth, eµ, µµ)⇥ (low or high pt

T) 16
15% [10]1-jet thth 1

VBF-tag (eth, µth, eµ, µµ, thth) + (jj)VBF 5
ZH-tag (ee, µµ)⇥ (thth, eth, µth, eµ) 8 [25]WH-tag thµµ, theµ, ethth, µthth 4

bb
VH-tag (nn, ee, µµ, en, µn with 2 b-jets)⇥x 13 10% [26]

ttH-tag (` with 4, 5 or �6 jets) ⇥ (3 or �4 b-tags); 6 [27](` with 6 jets with 2 b-tags); (`` with 2 or �3 b-jets) 3
Zg inclusive (ee, µµ)⇥ (g) 2
invisible ZH-tag (ee, µµ)⇥ (MET) 2 [20]

4.3 Signal Strength

The signal strength modifier µ = s/sSM, obtained in the combination of all search channels,
provides a first compatibility test. Figure 11 and Table 2 show the µ uncertainties obtained
in different sub-combinations of search channels, organized by decay mode for an integrated
dataset of 300 fb�1 and 3000 fb�1. We predict a precision 6–14% for 300 fb�1 and 4–8% for a
dataset of 3000 fb�1. Studies show that future measurements of the signal strength will be lim-
ited by theoretical uncertainty of the signal cross section, which is included in the fit. Figure 13
(left) shows the uncertainty on the signal strength omitting the uncertainties from QCD scale
and PDFs for signal and background.

Table 2: Precision on the measurements of the signal strength for a SM-like Higgs boson. These
values are obtained at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers

in brackets are % uncertainties on the measurements estimated under [Scenario2, Scenario1],
as described in the text. For the direct search for invisible Higgs decays the 95% CL on the
branching fraction is given.

L (fb�1) H ! gg H ! WW H ! ZZ H ! bb H ! tt H ! Zg H ! inv.
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [17, 28]

3000 [4, 8] [4, 7] [4, 7] [5, 7] [5, 8] [20, 24] [6, 17]

The direct search for invisible Higgs decays in events produced in association with a Z boson
yields a 95% confidence level upper limit on the branching fraction of 28 (17)% for Scenario 1
and 17 (6.4)% for Scenario 2 for 300 (3000) fb�1.
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