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THE STANDARD MODEL OF PARTICLE PHYSICS

2

| | | fermions bosons 
Matter 

Force 
carriers 

e.g :  p=uud ; Λ0=uds ; Λ0
b=udb 

         π+=ud  ;   ψ =cc   ; Υ=bb  

+ antiparticles 
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Christophe Grojean ee-learning CERN, Jan. 9, 2019

pp

total (x2)

inelastic

Jets
R=0.4

dijets

incl .

γ

fid.

pT > 125 GeV

pT > 25 GeV

nj ≥ 1

nj ≥ 2

nj ≥ 3

pT > 100 GeV

W

fid.

nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

Z

fid.

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

t̄t

fid.

total

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

nj ≥ 8

t

tot.

Zt

s-chan

t-chan

Wt

VV

tot.

ZZ

WZ

WW

ZZ

WZ

WW

ZZ

WZ

WW

γγ

fid.

H

fid.

H→γγ

VBF
H→WW

ggF
H→WW

H→ZZ→4"

H→ττ

total

WV

fid.

Vγ

fid.

Zγ

W γ

t̄tW

tot.

t̄tZ

tot.

t̄tγ

fid.

Wjj
EWK

fid.

Zjj
EWK

fid.

WW
Excl.

tot.

Zγγ

fid.

Wγγ

fid.

WWγ

fid.

Zγjj
EWK

fid.

VVjj
EWK

fid.

W ±W ±

WZ

σ
[p

b
]

10−3

10−2

10−1

1

101

102

103

104

105

106

1011 Theory

LHC pp
√

s = 7 TeV

Data 4.5 − 4.9 fb−1

LHC pp
√

s = 8 TeV

Data 20.3 fb−1

LHC pp
√

s = 13 TeV

Data 0.08 − 36.1 fb−1

Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!

!3

3[slide of C. Grojean]
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THE PHYSICS LANDSCAPE 

➤ Particle Physics has arrived at an important moment of its History


➤ It looks like the Standard Model is complete and consistent theory

➤ It describes all observed collider phenomena – and actually all particle physics (except neutrino 

masses)

➤ Was beautifully verified in a complementary manner at LEP, SLC, Tevatron, and LHC

➤ EWPO radiative corrections predicted top and Higgs masses assuming SM and nothing else


➤ With mH = 125 GeV, it can even be extrapolated to the Plank scale without the need of New Physics. 

➤ Is it the END ? 

4

1989-1999: 
- Top	mass	predicted 
											(LEP	mZ	and	ΓZ) 

- Top	quark	observed 
							at	the	right	mass 
										(Tevatron,	1995) 
- Nobel	Prize	1999 
										(t’Hooft	&	Veltman)

1997-2013: 
- Higgs	mass	cornered 
									(LEP	EW	+	Tevatron	mtop	,	mW) 

- Higgs	boson	observed 
							at	the	right	mass 
										(LHC	2012)	

- Nobel	Prize	2013 
									(Englert	&	Higgs)
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SO MANY OPEN QUESTIONS!

➤ Yet the Standard Model cannot 
explain certain experimental 
observations, such as:

➤ the striking evidence for dark matter 


➤ SM Particles make up only 5% of 
Universe! 


➤ the abundance of matter over 
antimatter 


➤ the non-zero neutrino masses.

➤ Plus, the small Higgs boson mass 

hints to crucial questions specific to 
the nature of the theory at TeV scale


➤ All these point to the existence of 
physics beyond the Standard Model.

5
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WHICH WAY TO GO? 

➤ Is new physics at larger masses ? Or at smaller couplings ? Or both ? 

➤  No experimental hints as to the origin of these observed (unexplained) phenomena

➤ There is no theoretical hints that would point to one direction more than another


➤ Only way to find out: go look, following the historical approach:

➤ Direct searches for new heavy particles  ⇒ Need colliders with larger energies


➤ Searches for the imprint of New Physics at lower energies, e.g. on the properties of Z, W, 
top, and Higgs particles ⇒ Need colliders / measurements with unprecedented accuracy

6

● Energy: direct access to new 
resonances 

● Precision:  indirect evidence of 
deviations at low and high 
energy. 
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WHICH TYPE OF COLLIDER? 

➤ The next facility must be versatile with a reach as broad and as 
powerful as possible – as there is no specific target


➤ Future Circular Colliders (FCC) offer the most adapted response to 
this situation


➤ Largest luminosity 

➤ highest parton energy

➤ synergies and complementarities between ee and pp, etc

7

More SENSITIVITY, more PRECISION, more ENERGY
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THE COLLIDERS OF TODAY AND TOMORROW

8

NOW (LHC) : pp 13 TeV, 300 fb-1 NEXT FUTURE (HL-LHC) : pp 14 TeV, 3000 fb-1

➤ (2024) The LHC tunnel will be used 
once again for another machine: the 
HL-LHC. To be able to function with 
the new accelerator the experiments 
will be upgraded as well
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➤ Aim at 3000 fb–1 pp collisions at √s = 14 TeV

➤ Higher luminosity means a large number of extra-interactions per bunch crossing


➤ to be precise <μ> = 200 more extra collision overlapping with the « interesting one » (pile-
up)

9we are here!

THE NEXT FUTURE (2024): HL-LHC 
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AFTER HL-LHC

10

illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [521]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)

As stressed above, the STU parameterisation only describes universal deformations with respect to

89

➤ Careful studies and projections for the physics at the HL-LHC we have shown:  

➤ we have designed amazing detectors that will be able to fully mitigate the 200PU conditions

➤ uncertaintities on Higgs couplings of the order of 2-4% and top mass about ~200MeV

➤ This precision might still not be sufficient to show the effect of new physics…
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A CONCRETE TARGET: THE HIGGS BOSON

➤ Nima’s vision (FCC week 2019)

11
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A CONCRETE TARGET: THE HIGGS BOSON

➤ Nima’s vision (FCC week 2019)

12

FCC will get clues about the Higgs boson’s deepest origins… 
Is it a fundamental scalar , or a composite of particles? 
What is the self-interaction mechanism? 
What is the nature of the EW phase transition? 
Does the Higgs conceal clues about DM or ν masses? 
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THE FUTURE: THE FCC INTEGRATED PROJECT 

➤ Build a new 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 (FCC-ee)

➤ variable collision energy from 90-360 GeV 

(beyond top threshold) 

➤ As for the LEP+LHC, one tunnel for two 

complementary machines covering the 
largest phase space in the high energy 
frontier 
➤ a complete physics program for the next 50 

years

13
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e+e- VS pp COLLISIONS - EVENT CHARACTERISTICS

14

p-p collisions e+e- collisions
Proton is compound object 
à Initial state not known event-by-event 
à Limits achievable precision

e+/e- are point-like 
à Initial state well defined (E, p), polarisation 
à High-precision measurements

High rates of QCD backgrounds 
à Complex triggering schemes 
à High levels of radiation

Clean experimental environment 
à Trigger-less readout 
à Low radiation levels

High cross-sections for colored-states Superior sensitivity for electro-weak states

High-energy circular pp colliders feasible - At lower energies (≲ 350 GeV) , circular e+e-  
   colliders can deliver very large luminosities. 
- Higher energy (>1TeV) e+e- requires linear collider.
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FCC-ee ENERGY RANGE AND LUMINOSITY 

➤ High integrated 
luminosity at the needed 
Ecm


➤ Clean environment

➤ precise knowledge of the 

center-of-mass energy 
and of the luminosity 


➤ precise detectors offering 
plenty of redundancy 
(and more than one) 

15

Can produce all the heaviest  particles of the Standard Model
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FCC-ee RUN PLAN 

16

LEP x 105 
LEP x 2⋅103 
Never done 
Never done

➤ Total running time  14(+1)years 
(~LEP)  

➤ longer shutdown to install the 

196 RF for operation at the top 
threshold
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FCC-ee: A DISCOVERY MACHINE AND MORE

➤ EXPLORE the 10-100 TeV energy scale region with precision 
measurements of the properties of the Z,W,Higss and top particles 
➤ 20-50fold improved precision on EWK observables

➤ 10 fold more precise and model-independent Higgs coupling 

measurements

➤ DISCOVER that the Standard Model does not fit


➤ Allows understanding of the underlying physics structure

➤ DISCOVER a violation of flavour conservation/universality


➤ Flavour physics in 1012 bb events (B0 → K*0τ+τ− , BS→ τ+τ− , …)

➤ DISCOVER dark matter as invisible decays of the Z or Higgs 

➤ DISCOVER feebly coupled particles in the 5-100 GeV mass range


➤ Such as right handed neutrinos, dark photons, … 
17
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HIGGS PHYSICS AT THE FCC-EE

18

➤ Recoil method unique to lepton collider:  

➤ Tag Higgs event independent of decay mode


➤ Precision measurements: couplings, mass, width

➤ Searches for Exotic Higgs, invisible decays
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PRECISION ELECTROWEAK MEASUREMENTS 

19

Z	resonance:	TeraZ WW	threshold	scan:	OkuW tt	threshold	scan:	MegaTop

Lineshape	
❑ Extremely	precise	Ebeam		
❑ mZ,	ΓZ	to	<	100	keV		(2.2	MeV)		
Asymmetries	
❑ sin2θW	to	6×10-6							(1.6	×	10-4)	

❑ αQED(mZ)	to	3×10-5	(1.5	×	10-4)	

Branching	ratios	Rl,	Rb	
❑ αS(mZ)	to	0.0002					(0.002)	

Threshold	scan	
❑ mW	to	0.5	MeV					(12	MeV)	

Branching	ratios	Rl,	Rb	
❑ αS(mZ)	to	0.0002	

Radiative	return	e+e- ➝ Zγ	
❑ Νν	to	0.0004				(0.008)	

Threshold	scan	
❑ mtop	to	10	MeV				(500	MeV)	
❑ λtop	to	10%	
❑ EW	couplings	to	1%	

-
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No#theory#uncertain.es#FCC2ee#projec.ons#

 (GeV)topm
171.5 172 172.5 173 173.5 174 174.5 175

 (G
eV

)
W

m

80.35

80.355

80.36

80.365

80.37 FCC-ee (Z pole)
FCC-ee (Direct)
LHC (Future)
Tevatron
Standard Model

Today#

LHC#?#

Requires 10-fold improvement in theory calculations

PROSPECTIVES FOR SM FITS AFTER FCC-ee

➤ Today ΛNP>5-10 TeV, after FCC-ee ΛNP>50-100 TeV

➤ Points to the physics to be studied with FCC-hh

20

New physics scale
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NUMEROLOGY FOR FCC-hh

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

21

➡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 ???
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FCC-hh DISCOVERY POTENTIAL (HIGHLIGHTS)

➤ Highest parton centre-of-mass energy → A BIG STEP IN 
HIGH MASS REACH

➤ Strongly coupled new particles, new gauge bosons (Z’, W’),  

excited quarks: up to 40 TeV!

➤ Extra Higgs bosons: up to 5-20 TeV

➤ High sensitivity to high energy phenomena, e.g.,  WW scattering, 

DY up to 15 TeV

➤ Direct New Physics production at FCC-hh complemented with 

quantum effects at FCC-ee  

22

Future Circular Collider (14. Jan. 2019)  The Hadron Collider (FCC-hh) 

Page 3 of 21 

2 Objectives 

The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 
The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 
To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, µµ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 
➤  Huge rates of SM particles (H, W, Z, t, b, …) in single/multiple production


➤ Precise determination of triple Higgs coupling; Access to quartic coupling.

➤ Rich top and heavy-flavour programme: 1012 top quarks and 1017 b quarks produced

➤ Search for invisibles (invisible Higgs decay [→ 10-4], RH neutrinos in W decays, DM 

searches) & Long-lived particles

➤ SM particles produced at high pT with large statistics


➤ Allows cleaner signals for channels that are currently difficult at LHC 
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FCC SYNERGIES: THE HIGGS BOSON
➤ The FCC integrated program (ee, hh, eh) has built-in synergies and complementarities


➤ It will provide the most complete and model-independent studies of the Higgs boson 

23

FCC-ee		provides	106	HZ	+	105	WW	→	H	events	
Absolute	determination	of	gHZZ	to	±0.17%	
Model-independent	determination	of	ΓH	to	±1%	

➝ Fixed	«	candle	»	for	all	other	measurements	
						including	those	made	at	HL-LHC	or	FCC-hh	

➝ Measure	couplings	to	WW,	bb,	ττ,	cc,	gg,	…	
						Even	possibly	the	Hee	coupling!	
➝ First	sensitivity	to	gHHH	to	±34%	(±21%	with	4IP)	

FCC-hh		provides	3×1010	Higgs	bosons	
With	this	huge	sample	and	using	the	FCC-ee	candle	

➝ Model-independent	ttH	coupling	to	<	1%	
						(	HL-LHC	and	FCC-ee	give	±2.6%)	
							Use	±1%	ttZ	measurement	at	FCC-ee	

➝ Rare	decays:	couplings	to	µµ, γγ, Ζγ	…	

➝ Higgs	self	coupling	gHHH	to	±5%		
							With	double-Higgs	production	

FCC-eh		provides	2.5	106	Higgs	bosons	
With	the	FCC-ee	candle,	further	improves	
on	several	measurements	(e.g.,	gHWW)	

√s = 240 GeV √s = 365 GeV
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FCC SYNERGIES: TRIPLE HIGGS COUPLING 

24

Projected precision of λ3 
measurements 

FCC integrated program 
will measure λ3 to the 

5% level
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FCC SYNERGIES: FEEBLY INTERACTING PARTICLES

➤ Heavy Right-Handed Neutrinos

➤ Complete SM spectrum – and perhaps explain DM, BAU, ν masses 

25

FCC-hh

,	ℓ− 
, ν

❑ FCC-ee	sensitivity		(to	mixing	angle	with	LH	ν)	
◆ EWPO:	~10-5	up	to	very	high	masses	
◆ Best,	flavour-blind,	sensitivity	to	Σ𝓁 |VℓN|2	below	100	GeV	

❑ FCC-hh	sensitivity	
◆ Sensitivity	to	Vℓ1NVℓ2N	with	lepton	charge	and	flavour	

❑ FCC-eh	sensitivity	
◆ Production	in	charge	currents	ep	→	XN	(→ℓW)	
◆ Sensitivity	to	VeNVℓN		

❑ Complementarity		
◆ Discovery	+	complementary	studies	in	overlap	regions	

FCC-ee	(Z) V𝓁N



Patrick Janot

																√s	
Physics

mZ 2mW
HZ	max.	
240-250	GeV

2mtop	
340-380	GeV

500	GeV 1.5	TeV 3	TeV
28	TeV	
37	TeV	
48	TeV

100	TeV
Leading	Physics	

Questions

Precision	EW		
(Z,	W,	top)

Transverse	
polarization

Transverse	
polarization

mW,	αS
Existence	of	more	SM-	
Interacting	particles

QCD	(αS)		
QED	(αQED)

5×1012	Z 3×108	W 105	H➝gg
Fundamental	constants	
and	tests	of	QED/QCD

Model-independent	
Higgs	couplings

1.2×106	HZ	and	75k	WW➝H	
at	two	energies

<1%	precision	
(*) Test	Higgs	nature

Higgs	rare	decays
<1%	precision	

(*) Portal	to	new	physics

Higgs	invisible	decays 10-4	BR	sensitivity Portal	to	dark	matter

Higgs	self-coupling 3	to	5σ	from	loop	corrections	
to	Higgs	cross	sections

5%	(HH	prod)	
(*) Key	to	EWSB

Flavours	(b,	τ) 5×1012	Z Portal	to	new	physics	
Test	of	symmetries

RH	ν’s,	Feebly	interacting	
particles

5×1012	Z 1011	W Direct	NP	discovery		
At	low	couplings

Direct	search	
at	high	scales

Mχ<250GeV	
Small	ΔM

Mχ<750GeV	
Small	ΔM

Mχ<1.5TeV	
Small	ΔM Up	to	40	TeV Direct	NP	discovery	

At	high	mass

Precision	EW	
at	high	energy Y W,	Z Indirect	Sensitivity	to	

Nearby	new	physics

Quark-gluon	plasma	
Physics	w/	injectors

QCD	at	origins

e+e− collisions pp collisions

ee ➝ H	
√s	=	mH

arXiv:1906.02693, FCC-ee: Your questions answered

26Green = Unique to FCC; Blue = Best with FCC; (*) = if FCC-hh is combined with FCC-ee; Pink = Best with other colliders; 
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Figure 1. Physics reach in the nMSM for SHiP and
two realistic FCC-ee configurations (see text). Pre-
vious searches are shown (dashed lines), as well as
the cosmological boundaries of the model (greyed-
out areas) [3, 9].
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Figure 2. SHiP sensitivity to dark photons produced
in proton bremmstrahlung and secondary mesons de-
cays. Previous searches explored the greyed-out area.
Low-coupling regions are excluded by Big Bang Nu-
cleosynthesis.

A method similar to the one outlined in Section 2 was used to compute the expected number of
events. HNL production is assumed to happen in Z ! nn̄ decays with one neutrino kinematically
mixing to an HNL. If the accelerator is operated at the Z resonance, Z bosons decay in place and
the HNL lifetime is boosted by a factor

g =
mZ

2mN
+

mN

2mZ
. (3.1)

All `+`�n final states are considered detectable with a CMS-like detector with spherical symmetry.
Backgrounds from W ⇤W ⇤, Z⇤Z⇤ and Z⇤g⇤ processes can be suppressed by requiring the presence
of a displaced secondary vertex.

Figure 1 shows SHiP’s and FCC-ee’s sensitivities in the parameter space of the nMSM, for
two realistic FCC-ee configurations. The minimum and maximum displacements of the secondary
vertex in FCC-ee, referred to as r in Figure 1, depends on the characteristics of the tracking system.
Inner trackers with resolutions of the order of 100 µm and 1 mm, and outer trackers with diameters
of 1 m and of 5 m have been considered. Figure 2 shows SHiP’s sensitivity to dark photons,
compared to previous searches.

This work shows that the SHiP experiment can improve by several orders of magnitude the
current limits on Heavy Neutral Leptons, scanning a large part of the parameter space below the
B meson mass. Similarly, SHiP can greatly improve present constraints on dark photons. Right-
handed neutrinos with larger mass can be searched for at a future Z factory. The synergy between
SHiP and a future Z factory would allow the exploration of most of the nMSM parameter space for
sterile neutrinos.

Acknowledgments
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current limits on Heavy Neutral Leptons, scanning a large part of the parameter space below the
B meson mass. Similarly, SHiP can greatly improve present constraints on dark photons. Right-
handed neutrinos with larger mass can be searched for at a future Z factory. The synergy between
SHiP and a future Z factory would allow the exploration of most of the nMSM parameter space for
sterile neutrinos.

Acknowledgments

This work would not have been possible without the precious theory support by M. Shaposhnikov.
We thank A. Blondel for useful discussions about the FCC-ee project. We are indebted to all our

– 3 –



pa
tri

zi
a 

az
zi

 - 
EA

SI
Sc

ho
ol

3 
- 8

/1
0/

20
20

TIMELINE

28
3

TODAY

Higgs discovery (2012)

Start data taking at the LHC (2010)

European Particle Physics 
Strategy (2006)

Long-term strategy for 
Particle Physics

UPDATE of  the European 
Particle Physics Strategy (2013)

Organization (2013 update):
http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/

Organization (2006):
http://council-strategygroup.web.cern.ch/council-strategygroup/

UPDATE	of	the	European	Particle	
Physics	Strategy	(2020)

Start data 
taking HL-LHC

(⩾2027)

Major facility 
after HL-LHC

( https://europeanstrategy.cern

May 14th, 2020

➤ The FCC is an ambitious project 
for the future of particle physics 
with concrete goals and 
deliverables to find the answers 
that we need from Nature! 
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FIND OUT MORE: FCC DOCUMENTATION

➤ Future Circular Collider - European 
Strategy Update Documents

➤ (FCC-ee), (FCC-hh), (FCC-int)


➤ FCC-ee: Your Questions Answered

➤  arXiv:1906.02693


➤ Circular and Linear e+e- Colliders: 
Another Story of Complementarity

➤ arXiv:1912.11871


➤ Theory Requirements and Possibilities 
for the FCC-ee and other Future High 
Energy and Precision Frontier Lepton 
Colliders

➤ arXiv:1901.02648


➤ Polarization and Centre-of-mass Energy 
Calibration at FCC-ee

➤ arXiv:1909.12245

29

4 CDR volumes  published in EPJ

FCC PhysicsOpportunities FCC-ee: The Lepton Collider 

FCC-hh: The Hadron Collider HE-LHC: The High Energy 
Large Hadron Collider

https://cds.cern.ch/record/2653669
https://cds.cern.ch/record/2653674
https://cds.cern.ch/record/2653673
https://arxiv.org/abs/1906.02693
https://arxiv.org/abs/1912.11871
https://arxiv.org/abs/1901.02648
https://arxiv.org/abs/1909.12245

