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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 ? 

2

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)



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1
WHY NEW COLLIDER(S) / EXPERIMENTS?

➤ We need to extend mass & interaction reach for those phenomena that SM cannot explain:

➤ Dark matter


➤ SM particles constitute only 5% of the energy of the Universe

➤ Baryon Asymmetry of the Universe


➤ Where is anti-matter gone?

➤ Neutrino Masses


➤ Why so small? Dirac/Majorana? Heavier right-handed neutrinos?  At what mass? 


➤ Possible experimental ways include:

➤ Direct search for and observation of new particles (with any mass and any coupling to SM particles)

➤ Observation of new phenomena (such as neutrino oscillations, CP violation …)

➤ Measurements of deviations from precise predictions (such as top and Higgs mass predictions from 

loops)
3

These facts require Particle Physics explanations 
We must continue our quest, but HOW ? 
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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

➤ 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

4

● 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


➤ Several Future Lepton Colliders proposed to answer these 
demands:  

➤ Largest luminosity 

➤ highest parton energy

➤ synergies and complementarities between ee and pp, etc

5

More SENSITIVITY, more PRECISION, more ENERGY
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AFTER HL-LHC

6

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)

7
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A CONCRETE TARGET: THE HIGGS BOSON

➤ Nima’s vision (FCC week 2019)

7

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 neutrino masses? 
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e+e- VS pp COLLISIONS - THE BASICS

8

e+e- collisions p-p collisions
e+/e- are point-like

! Initial state well defined (E, p), polarisation

! High-precision measurements

Proton is compound object 
! Initial state not known event-by-event

! Limits achievable precision

Clean experimental environment

! Trigger-less readout

! Low radiation levels

High rates of QCD backgrounds 
! Complex triggering schemes

! High levels of radiation

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

- At lower energies (≲ 350 GeV) , circular e+e- 

   colliders can deliver very large luminosities. 
- Higher energy (>1TeV) e+e- requires linear collider.

High-energy circular pp colliders feasible
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Which Machine(s)?

!5

Leptons
 S/B ~ 1 ➾ measurement?

 polarized beams 
        (handle to chose the dominant process)

 limited (direct) mass reach

 identifiable final states 

 ➾ EW couplings  

 √s limited by synchroton radiation
 higher luminosity 
 several interaction points
 precise E-beam measurement

  ( O(0.1MeV) via resonant depolarization) 

Circular Linear
 easier to upgrade in energy 

 easier to polarize beams

 large beamsthralung 

 “greener”: less power consumption

 large mass reach ➾ exploration?
 S/B ~ 10-10 (w/o trigger)
 S/B ~ 0.1 (w/ trigger)
 requires multiple detectors 

                (w/ optimized design) 

 only pdf access to √s
 ➾ couplings to quarks and gluons

Hadrons

^
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INTERNATION LINEAR COLLIDER (ILC) 

1010

ILC: International Linear Collider

Linear e+e− collider  
        in the 200-550 GeV energy range
• super conducting RF (31.5 MV/m, 1.3 GHz)
• 5 Hz, trains 730 μs, 1312 bunches (2×1010)
• footprint:  

 20 km (250 GeV)  
 31 km (500 GeV)   

Staging scenario
• √s = 250 GeV 
• optimised luminosity: ! = 1.5×1034 cm-2s-1 
• ±80% (±30%) e− (e+) beam polarisation 
• (LR, RL, LL, RR) = (45%, 45%, 5%, 5%)

250 GeV

250 GeV 500 GeV

0.5 ab−1

2 ab−1
1 ab−1

500 GeV
4 ab−1

350 GeV
0.2 ab−1

Strong effort by Japanese 
community to host ILC
☛ political decision expected by 

end of 2018

ILC TDR (2013) 
ILC-250 Physics Case (2017)

damping 
rings

e− main linac

e+  main linac

e− source

e+ source
ILD

SLD

X-FEL

ILC « pre-Lab » in place in Europe
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ILC RUN PLAN 

11

Christophe Grojean ee-learning CERN, Jan. 9, 2019!13

ILC in brief

14

the Higgs precision measurements, resulting in a stan-
dard running scenario for ILC physics projections. The
time evolution of this running scenario has been adapted
to the staged construction of the ILC as first presented
in [4]. In this section, the current understanding of ILC
operating scenarios will be summarized based on these
references.

A. Center-of-mass energies and integrated lu-
minosities

The three center-of-mass energies best motivated by
current knowledge have been included in detailed run
plans for the ILC spanning about 20 years in real-time:

•
p
s = 250GeV for collecting data near the thresh-

old of the Higgsstrahlungs process,

•
p
s = 350GeV for scanning the onset of top-quark

pair production, and

•
p
s = 500GeV or somewhat above for studying tt

production in the continuum and enabling ttH and
ZHH production.

Table II compares the total integrated luminosities fore-
seen at these energies for three alternative running sce-
narios to the integrated luminosities assumed in the
Snowmass community study. Since 2015, the scenario
H-20 is the standard assumption for ILC physics projec-
tions.

R
Ldt [fb�1]p

s G-20 H-20 I-20 Snow

250GeV 500 2000 500 1150
350GeV 200 200 1700 200
500GeV 5000 4000 4000 1600

TABLE II: Proposed total target integrated luminosities forp
s = 250, 350, 500GeV based on 20 “real-time” years of

ILC operation under scenarios G-20, H-20 and I-20. The
total integrated luminosities assumed for Snowmass are
listed for comparison based on 13.7 “real-time” years.

From [48]

It must be stressed, however, that flexibility in the
running option remains one of the key assets of the ILC,
and that it can be adjusted whenever new insights, e.g.
discoveries at the (HL-)LHC or the ILC itself, require
to do so. Thereby, the center-of-mass energy of the ILC
can always be lowered from the nominal maximum en-
ergy without loss of e�ciency and/or luminosity, as long
as the electron beam energy remains su�ciently high for
positron production. On the contrary, the operation of
the SCRF cavities below the maximum gradient saves sig-
nificant cryogenic and RF power, which can be invested
into higher luminosity!

Future e
+
e
� colliders could also provide important

physics measurements at other center-of-mass energies.
Their priority, however, seems today somewhat lower

than for the abovementioned three energies. Therefore
they are not explicitely included in the run plan of the
ILC or in the current machine design. Nevertheless,
Tab. III lists target integrated luminosities recommended
for physics studies at these additional energies.

p
s 1TeV 90GeV 160GeVR
Ldt [fb�1] 8000 100 500

TABLE III: Proposed total target integrated luminosities for
other

p
s. From [48].

B. Beam polarisation

At center-of-mass energies of up to 500GeV, the ILC
beams are foreseen to be polarised with absolute values
of at least 80% for the electrons and at least 30% for
the positrons. At 1TeV, the positron polarisation will
at least reach 20%. As an upgrade option, the positron
polarisation can be increased to 60%. The accelerator
design comprises sets of spin rotators which in principle
allow to prepare any desired direction of the polarisation
vectors at the IP. However in the detailed running scenar-
ios, only longitudinal polarisation is considered. The sign
of the beam polarisations can be flipped on a train-by-
train basis. This allows to collect data sets with di↵erent
helicity configurations quasi-concurrently w.r.t. changes
in the accelerator or detector configuration, calibration
and alignment. This allows to construct observables in
which large parts of the experimental systematic uncer-
tainties cancel. A famous example is the traditional left-
right asymmetry — more generally the joint interpreta-
tion of the di↵erent data sets allows to treat many sys-
tematic e↵ects as nuissance parameters in global fits.

fraction with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [%] [%] [%] [%]

250GeV (2015) 67.5 22.5 5 5
250GeV (update) 45 45 5 5
350GeV 67.5 22.5 5 5
500GeV 40 40 10 10

TABLE IV: Relative sharing between beam helicity
configurations proposed for the various center-of-mass

energies. The update of the luminosity sharing fro 250GeV
originates from the importance of the left-right asymmetry
of the Higgsstrahlung cross section in the EFT-based Higgs

coupling fit.

C. Time Evolution and Upgrade Options

Time dependence: explain why need longer when start-
ing at 250 GeV
explain new beam parameters, cite machine staging

report

14

the Higgs precision measurements, resulting in a stan-
dard running scenario for ILC physics projections. The
time evolution of this running scenario has been adapted
to the staged construction of the ILC as first presented
in [4]. In this section, the current understanding of ILC
operating scenarios will be summarized based on these
references.

A. Center-of-mass energies and integrated lu-
minosities

The three center-of-mass energies best motivated by
current knowledge have been included in detailed run
plans for the ILC spanning about 20 years in real-time:

•
p
s = 250GeV for collecting data near the thresh-

old of the Higgsstrahlungs process,

•
p
s = 350GeV for scanning the onset of top-quark

pair production, and

•
p
s = 500GeV or somewhat above for studying tt

production in the continuum and enabling ttH and
ZHH production.

Table II compares the total integrated luminosities fore-
seen at these energies for three alternative running sce-
narios to the integrated luminosities assumed in the
Snowmass community study. Since 2015, the scenario
H-20 is the standard assumption for ILC physics projec-
tions.

R
Ldt [fb�1]p

s G-20 H-20 I-20 Snow

250GeV 500 2000 500 1150
350GeV 200 200 1700 200
500GeV 5000 4000 4000 1600

TABLE II: Proposed total target integrated luminosities forp
s = 250, 350, 500GeV based on 20 “real-time” years of

ILC operation under scenarios G-20, H-20 and I-20. The
total integrated luminosities assumed for Snowmass are
listed for comparison based on 13.7 “real-time” years.

From [48]

It must be stressed, however, that flexibility in the
running option remains one of the key assets of the ILC,
and that it can be adjusted whenever new insights, e.g.
discoveries at the (HL-)LHC or the ILC itself, require
to do so. Thereby, the center-of-mass energy of the ILC
can always be lowered from the nominal maximum en-
ergy without loss of e�ciency and/or luminosity, as long
as the electron beam energy remains su�ciently high for
positron production. On the contrary, the operation of
the SCRF cavities below the maximum gradient saves sig-
nificant cryogenic and RF power, which can be invested
into higher luminosity!

Future e
+
e
� colliders could also provide important

physics measurements at other center-of-mass energies.
Their priority, however, seems today somewhat lower

than for the abovementioned three energies. Therefore
they are not explicitely included in the run plan of the
ILC or in the current machine design. Nevertheless,
Tab. III lists target integrated luminosities recommended
for physics studies at these additional energies.

p
s 1TeV 90GeV 160GeVR
Ldt [fb�1] 8000 100 500

TABLE III: Proposed total target integrated luminosities for
other

p
s. From [48].

B. Beam polarisation

At center-of-mass energies of up to 500GeV, the ILC
beams are foreseen to be polarised with absolute values
of at least 80% for the electrons and at least 30% for
the positrons. At 1TeV, the positron polarisation will
at least reach 20%. As an upgrade option, the positron
polarisation can be increased to 60%. The accelerator
design comprises sets of spin rotators which in principle
allow to prepare any desired direction of the polarisation
vectors at the IP. However in the detailed running scenar-
ios, only longitudinal polarisation is considered. The sign
of the beam polarisations can be flipped on a train-by-
train basis. This allows to collect data sets with di↵erent
helicity configurations quasi-concurrently w.r.t. changes
in the accelerator or detector configuration, calibration
and alignment. This allows to construct observables in
which large parts of the experimental systematic uncer-
tainties cancel. A famous example is the traditional left-
right asymmetry — more generally the joint interpreta-
tion of the di↵erent data sets allows to treat many sys-
tematic e↵ects as nuissance parameters in global fits.

fraction with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [%] [%] [%] [%]

250GeV (2015) 67.5 22.5 5 5
250GeV (update) 45 45 5 5
350GeV 67.5 22.5 5 5
500GeV 40 40 10 10

TABLE IV: Relative sharing between beam helicity
configurations proposed for the various center-of-mass

energies. The update of the luminosity sharing fro 250GeV
originates from the importance of the left-right asymmetry
of the Higgsstrahlung cross section in the EFT-based Higgs

coupling fit.

C. Time Evolution and Upgrade Options

Time dependence: explain why need longer when start-
ing at 250 GeV
explain new beam parameters, cite machine staging

report

14

the Higgs precision measurements, resulting in a stan-
dard running scenario for ILC physics projections. The
time evolution of this running scenario has been adapted
to the staged construction of the ILC as first presented
in [4]. In this section, the current understanding of ILC
operating scenarios will be summarized based on these
references.

A. Center-of-mass energies and integrated lu-
minosities

The three center-of-mass energies best motivated by
current knowledge have been included in detailed run
plans for the ILC spanning about 20 years in real-time:

•
p
s = 250GeV for collecting data near the thresh-

old of the Higgsstrahlungs process,

•
p
s = 350GeV for scanning the onset of top-quark

pair production, and

•
p
s = 500GeV or somewhat above for studying tt

production in the continuum and enabling ttH and
ZHH production.

Table II compares the total integrated luminosities fore-
seen at these energies for three alternative running sce-
narios to the integrated luminosities assumed in the
Snowmass community study. Since 2015, the scenario
H-20 is the standard assumption for ILC physics projec-
tions.

R
Ldt [fb�1]p

s G-20 H-20 I-20 Snow

250GeV 500 2000 500 1150
350GeV 200 200 1700 200
500GeV 5000 4000 4000 1600

TABLE II: Proposed total target integrated luminosities forp
s = 250, 350, 500GeV based on 20 “real-time” years of

ILC operation under scenarios G-20, H-20 and I-20. The
total integrated luminosities assumed for Snowmass are
listed for comparison based on 13.7 “real-time” years.

From [48]

It must be stressed, however, that flexibility in the
running option remains one of the key assets of the ILC,
and that it can be adjusted whenever new insights, e.g.
discoveries at the (HL-)LHC or the ILC itself, require
to do so. Thereby, the center-of-mass energy of the ILC
can always be lowered from the nominal maximum en-
ergy without loss of e�ciency and/or luminosity, as long
as the electron beam energy remains su�ciently high for
positron production. On the contrary, the operation of
the SCRF cavities below the maximum gradient saves sig-
nificant cryogenic and RF power, which can be invested
into higher luminosity!

Future e
+
e
� colliders could also provide important

physics measurements at other center-of-mass energies.
Their priority, however, seems today somewhat lower

than for the abovementioned three energies. Therefore
they are not explicitely included in the run plan of the
ILC or in the current machine design. Nevertheless,
Tab. III lists target integrated luminosities recommended
for physics studies at these additional energies.

p
s 1TeV 90GeV 160GeVR
Ldt [fb�1] 8000 100 500

TABLE III: Proposed total target integrated luminosities for
other

p
s. From [48].

B. Beam polarisation

At center-of-mass energies of up to 500GeV, the ILC
beams are foreseen to be polarised with absolute values
of at least 80% for the electrons and at least 30% for
the positrons. At 1TeV, the positron polarisation will
at least reach 20%. As an upgrade option, the positron
polarisation can be increased to 60%. The accelerator
design comprises sets of spin rotators which in principle
allow to prepare any desired direction of the polarisation
vectors at the IP. However in the detailed running scenar-
ios, only longitudinal polarisation is considered. The sign
of the beam polarisations can be flipped on a train-by-
train basis. This allows to collect data sets with di↵erent
helicity configurations quasi-concurrently w.r.t. changes
in the accelerator or detector configuration, calibration
and alignment. This allows to construct observables in
which large parts of the experimental systematic uncer-
tainties cancel. A famous example is the traditional left-
right asymmetry — more generally the joint interpreta-
tion of the di↵erent data sets allows to treat many sys-
tematic e↵ects as nuissance parameters in global fits.

fraction with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [%] [%] [%] [%]

250GeV (2015) 67.5 22.5 5 5
250GeV (update) 45 45 5 5
350GeV 67.5 22.5 5 5
500GeV 40 40 10 10

TABLE IV: Relative sharing between beam helicity
configurations proposed for the various center-of-mass

energies. The update of the luminosity sharing fro 250GeV
originates from the importance of the left-right asymmetry
of the Higgsstrahlung cross section in the EFT-based Higgs

coupling fit.

C. Time Evolution and Upgrade Options

Time dependence: explain why need longer when start-
ing at 250 GeV
explain new beam parameters, cite machine staging

report

15

int. luminosity with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [fb�1] [fb�1] [fb�1] [fb�1]

250GeV (2015) 1350 450 100 100
250GeV (update) 900 900 100 100
350GeV 135 45 10 10
500GeV 1600 1600 400 400

TABLE V: Integrated luminosities per beam helicity
configuration resulting from the fractions in table IV in
scenario H-20. The update of the luminosity sharing fro
250GeV originates from the importance of the left-right
asymmetry of the Higgsstrahlung cross section in the

EFT-based Higgs coupling fit.

fraction with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [%] [%] [%] [%]

1TeV 40 40 10 10
90GeV 40 40 10 10
160GeV 67.5 22.5 5 5

TABLE VI: Relative sharing between beam helicity
configurations proposed for low energy and 1TeV running.

From [48].

IV. PHYSICS CASE (250 GEV)

10 pages Peskin
The core of the physics case for the ILC is to make

high-precision measurements of the properties of the
Higgs boson. The Higgs field is at the core of the SM. It
is responsible for the masses of all known elementary par-
ticles. It is also responsible for those aspects of the SM
that are hardest to understand—-the presence of sponta-
neous gauge symmetry breaking, the hierarchy of quark
and lepton masses, and the appearance of flavor mixing
and CP violation in weak interactions. If we wish to
learn more about these features of the fundamental laws
of nature, an obvous course is to measure the Higgs boson
as well as we are able. We will argue in this section and

years
0 5 10 15 20 25in

te
gr

at
ed

 lu
m

in
os

iti
es

  [
fb

]

0

1000

2000

3000

4000

Lu
m

in
os

ity
 U

pg
ra

de

ILC, Scenario H-20
ECM = 250 GeV
ECM = 350 GeV
ECM = 500 GeV

Integrated Luminosities  [fb]

FIG. 14: The nominal 20-year running program for the
500-GeV-ILC [48].

integrated luminosity with sgn(P (e�), P (e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [fb�1] [fb�1] [fb�1] [fb�1]

1 TeV 3200 3200 800 800
90GeV 40 40 10 10
160GeV 340 110 25 25

TABLE VII: Integrated luminosities per beam helicity
configuration resulting from the fractions in table VI.

From [48].
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FIG. 15: The nominal 22-year running program for the
staged ILC, starting operation at 250 GeV [4]. The

integrated luminosities are the same of for the original H20
scenario.

the succeeding ones that ILC will be able to determine
the mass of the Higgs boson to a part in 104 and the
major couplings of the Higgs boson to than 1% accuracy.
This will qualitatively sharpen the picture of the Higgs
boson that we will obtain even from the high-luminosity
stage of the LHC.
This set of measurements, and other measurements

available for the first time at the ILC, will open new
paths in the search for new fundamental interactions be-
yond the SM. Though the SM seems to account for all
elementary particle phenomena observed up to now, it is
manifestly incomplete. It not only does not answer but
actually is incapable of answering the questions posed in
the previous paragraph. It also cannot address basic facts
about the universe in the large, in particular, the excess
of matter over antimatter and the origin of the cosmic
dark matter. To make progress, we need observational
evidence from particle physics of violations of the SM.
These will provide clues that can show the way forward.
Up to now, we have sought evidence for new interac-

tions from direct searches for new particles at LEP, the
Tevatron, and the LHC, from measurements of the W

and Z bosons, and from searches for anomalies in flavor
physics. We are now approaching the limits of these tech-
niques with current particle physics facilities. The ILC
will extend our search capabilities in precision measure-
ments ofW boson couplings and fermion pair production,
and will provide new opportunites for the direct discov-
ery of new particles. But, most of all, it will open a com-

Material from ILC contribution to ESU

Nominal Running Program
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Mogens Dam / NBI Copenhagen

ILC
u Originally designed for √s = 500 GeV, recently re-optimized for 250 GeV

q Supported by 25 years of R&D and innovation

v Complete technical design report delivered in 2013

§ In principle, ready for construction as soon as decision is taken

q Machine has many technological challenges

v ~10 km-long, high-gradient (31 MV/m), RF system

v A very low b* optics delivering small beam spot sizes at high intensity
§ Still to be demonstrated to be achievable

v A positron source with no precedent

§ Performance cannot be verified before the construction is complete 

v A green-field project

q Can deliver data to only one detector at a time

q In principle upgradeable to √s = 1 TeV

v And possibly more : CLIC or plasma acceleration later in the same tunnel (?)

q No design to run at the Z pole

31 July - 1 August, 2019Physics at Lepton Colliders 29
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COMPACT LINEAR COLLIDER (CLIC) 

1311

CLIC: Compact Linear Collider

CERN/SPC/1114 (2018)

Linear e+e− collider at CERN  
        in the up-to multi-TeV energy range
• normal conducting high-frequency RF (X-band, 12 GHz)
• e− drive beam for RF power generation  

380 GeV
1.5 TeV

3 TeV

Scenario in 3 stages

1 ab−1
2.5 ab−1

5 ab−1

     

Beam polarisation: (±80%, ∓80%)  
LR / RL = 50% / 50%
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CLIC RUN PLAN

14

Christophe Grojean ee-learning CERN, Jan. 9, 2019!14

CLIC in brief

9 ECFA 2018 Aidan Robson 

Updated CLIC Staging 

Baseline polarisation scenario adopted: 
electron beam (–80%, +80%) polarised in ratio 

(50:50) at √s=380GeV ; (80:20) at √s=1.5 and 3TeV 

increased  
from  

0.5+0.1ab–1 
 
1.5ab–1 

 
3ab–1 

New! 

Staging and live-time assumptions following guidelines consistent with other future projects: 
Machine Parameters and Projected Luminosity Performance of Proposed Future Colliders at CERN  
arXiv:1810.13022, Bordry et al. 

Electron polarisation enhances Higgs production at 
high-energy stages and provides additional observables 

γγ collider using laser scattering also possible 
Upgrades using novel accelerator techniques also possible 

Material from A. Robson
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Mogens Dam / NBI Copenhagen

CLIC

u Designed to reach the highest possible energies in e+e- collision 

u In staging scenario, forseen to cover the three energy points √s = 380, 

1500, and 3000 GeV

q More than 30 years of innovation and R&D

v Very high acceleration gradient, 100 MV/m, from a 2-beam acceleration scheme

§ demonstrated via CLIC Test Facilities

v Conceptual Design Report delivered in 2012

q A number of technological challenges common with ILC

v Very low b* optics delivering small beam spot sizes at high intensity

v Positron source with no precedent 

q Can deliver data to only one detector at a time

q No design to run at the Z pole

31 July - 1 August, 2019Physics at Lepton Colliders 30



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1
FCC-ee CIRCULAR COLLIDER  

1612

FCC-ee: e+e− Circular Collider

CERN/SPC/1114 (2018)

Luminosity limited by SR
• top-up injection (once per minute)
• 50 MW power/beam
• 2 interaction points

RF system:  high-current → high gradient
3 sets of RF cavities

Vrf [GV] #bunches Ibeam [mA]
Z 0.1 16640 1390

WW 0.44 2000 147
ZH 2.0 393 29
top 10.9 48 5.4

First-phase machine in the 100-km tunnel  
built to host eventually FCC-hh

Z  

2×1012 

Z/y

150 ab−1 12 ab−1 5 ab−1 1.5 ab−1

2×107 

W/y

3×105 

H/y
4×105 

t/y

FCC-ee running scenario (2IPs)

WW 
×10

ZH 
×10

top 
×10

2039?FCC-ee CDR fall 2018

Asymmetric optics with beam 
crossing angle of 30 mrad

CC  producing all the heaviest  particles of the Standard Model
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FCC-ee RUN PLAN 

17

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

The FCC-ee unique discovery 
potential is multiplied by the 
access to the four heaviest 
particles of the Standard 
Model in its energy range

√s uncertainty 
<100keV

<300keV

~2MeV

~5MeV
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Mogens Dam / NBI Copenhagen

FCC-ee
u Designed as highest luminosity Z, W, H, and top factory (√s=88-365 GeV)

q Relatively young project: about six years old

v Lots of progress – very solid design study (2014-2018)

§ Technology ready… on paper
§ Conceptual Design Report (CDR) published early this year

q This machine has at least as many technological challenges as linear colliders

v A high-power (200 MW), high-gradient (10 MV/m), 2 km-long, RF system
v Loads of synchrotron radiation (100 MW) to deal with
v A booster (for top up injection), and a double ring for e+ and e-

v Optics with very low b*, and large momentum acceptance
v Transverse polarization for beam energy measurement
v Two (possible four) experiments to serve 
v … and much more

q Supported by 50 years of experience and progress with e+e- circular machines 

v Most of the above challenges starting to be addressed at SuperKEKB
§ FCC-ee will build on this experience

q First step towards a 100 TeV proton-proton collider

31 July - 1 August, 2019Physics at Lepton Colliders 31
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CEPC (CHINESE ELECTRON-POSITRON COLLIDER) 

19

13

CEPC: Chinese e+e− Collider 

• Hosted in a 100-km tunnel 
which could eventually host a 
70-TeV pp collider

• several possible sites

Project similar to FCC-ee in China
• two colliding rings and a booster
• √s = 90-240 GeV

CEPC CDR in preparation (2019)

Physics goals:
• >3×1011 Z bosons (8 ab−1)
• 2×107 W pairs (2.6 ab−1)
• 106 Higgs bosons (5.6 ab−1)

Peak luminosity (2 IPs)   (CDR parameters)
• at the Z: 1.7×1035 cms−2s−1  (3T)
• at the W: 1.0×1035 cms−2s−1

• at the H:   3×1034 cms−2s−1

CEPC symposium (Nov. 2018)

2013-2015 pre-studies

2016-2022
R&D  

Engineering 
Design

2022-2030 Construction
2030-2040 data taking

• Starts before 
the end of the 
HL-LHC

• possibly 
concurrent 
with the ILC

Timeline

Christophe Grojean ee-learning CERN, Jan. 9, 2019!12

CEPC in brief
Material from J. Guimarães da Costa, L.T. Wang et al.



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1

20



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1
OVERALL STATISTICS 

21

The proposed Electroweak / Higgs / Top factories [1]

6/18/21 E.Perez2

250 2 750k H

tt 0.2 150k tt

TeraZ 150 5 10
12

Z

WW 12 5 10
7

WW

tt 1 160k H

700k tt

GigaZ 0.1 5 10
9

Z

WW 0.5 3.5 10
6

WW

125 10/y ee → H

240 5 1M H

tt 1.5 1M tt

1500 2.5 1M H

400k tt

3000 5 3.3M H

300k tt

ILC FCC CLIC

Energies (1
st

col.) in GeV, luminosities (2
nd

col.) in ab
-1

. Yellow = in baseline plan

CEPC: same luminosity as 

FCC at ZH ; lower at lower 

√s ; no plan yet to run at the 

top threshold.

O( 1 M ) of Higgs,  O( 1 M ) of tt

Trillions / Billions of Z

500 4 1.5 M H

3 M tt

Numbers for two IPs

GigaZ 0.1 5 10
9

Z
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ILC DETECTORS

22

18/06/2021 Philipp Roloff Physics performance 2

Reminder: ILC detector concepts

Designed for Particle Flow Calorimetry:
• High granularity calorimeters (ECAL and HCAL) inside solenoid
• Low mass trackers → reduce interactions / conversions

ILD (International Large Detector):
• TPC+silicon envelope, radius: 1.8 m
• B-field: 3.5 T
(small option: 1.46 m / 4 T recently studied)

SiD (Silicon Detector):
• Silicon tracking, radius: 1.2 m
• B-field: 5 T
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CLD - CLIC DETECTOR

23
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DETECTOR CONCEPTS FOR FCC-ee: CLD’ & IDEA 

24Patrick Janot

Two detector concepts for the CDR 
q It was demonstrated that detectors satisfying requirements are feasible

u Physics performance, beam backgrounds, invasive MDI, event rates, …

l With two rather complementary designs – see talks of Oleksander and Lorenzo for details

28 June 2019
FCC Week, Brussels 30

O. Viazlo, L. Pezzotti

2018 Beam-Test Data
being analysed

40 GeV p0

MeVFull simulation

➤ It was demonstrated that detectors satisfying the requirements are 
feasible. Two options considered for now with complementary designs

➤ physics performance, beam background, invasive MDI event rates… 
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IMPACT OF BEAM POLARISATION AT A LC

25
Linear Collider physics, Georg Weiglein, LCWS2021, 8th Linear Collider Physics School, 03 / 2021

Impact of beam polarisation at a LC

16

e− e+

σRR 1+Pe−
2 ·1+Pe+

2

σLL 1−Pe−
2 ·1−Pe+

2

Jz = 0

σRL 1+Pe−
2 ·1−Pe+

2

σLR 1−Pe−
2 ·1+Pe+

2

Jz = 1

Beam polarisation is crucial for investigating observables like left-right 
asymmetries, which have a high sensitivity for discriminating between 
different realisations of the underlying physics and for the determination 
of chiral quantum numbers.
The polarisation of both the 
electron and the positron 
beams yields four distinct sets 
of observables instead of only 
two observables for the case 
where only the electron beam 
is polarised.
Most important reactions can be studied with opposite-sign polarisation, 
but the two like-sign polarisation configurations provide additional 
information that can be unique.

Enhancement of effective luminosity and sensitivity to rare processes⇒
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CENTER OF MASS ENERGY AND LUMINOSITY SPECTRUM 

26

Center-of-mass energy

6/18/21 E.Perez6

• Need to know < √s > precisely
• Key systematics for all mass measurements, 

and all EW observables.

• And the distribution of √s, i.e. :
• basically the (gaussian) beam-energy spread 

(BES) for a circular machine
• the luminosity spectrum for a linear collider

• Large tail because of beamstrahlung

• FCC-ee, Z peak and WW threshold: exquisite precision on < √s > (100 keV at 
the Z, 300 keV at WW) thanks to quasi-continuous resonant depolarisation
(RDP) measurements  [5]

- very powerful, unique to circular machines
- allows a measurement of MZ to 100 keV

• Circular at higher √s, and linear : exploit kinematic constraints of ee → ff (!)
- also used at circular machines to determine the BES
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CONSTRAINING THE √s FROM  EVENTSee → ff(γ)

27

Constrained kinematics: <√s > from ee →ff (") events 

6/18/21 E.Perez7

• Above the Z peak: radiative return events, cf LEP2 :

- Depends only on angles
- Can use Z → qq in addition to Z → ll
- At FCC, can be used to determine < √s > (~ 2 MeV) at 240 GeV 

- method can be calibrated at 160 GeV against the RDP meas.
- At 350-365 : complement with ZZ and WW events, expect O(5 MeV)

• Or, using muon momenta in (all) μμ(") events :  [6]

√s = E(μ+) + E(μ-) + E(")  with E(") = p(") = | p(μ-) + p(μ+) |

Key = tracker 
momentum 
calibration. 

“sp” method, developed at ILC  
Much better statistical power with a good muon 
momentum resolution (not limited by the width of the Z).
Stat potential with ILC/FCC tracker momentum resolution: 
Δ√s ~ 230 MeV per diμ event when p(μ) ~ 50 GeV

- i.e. negligible stat error at 240 - 250 GeV for LC / CC
- syst uncertainty given by the absolute p scale



THE HIGGS
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INTERESTING HIGGS PHYSICS GOALS FOR  ee COLLIDERS VS LHC

29
Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019

(1) Higgs kinematic parameters: mH and ΓH
↠ reduce parametric uncertainties in xs and BR

↠ control the fate of EW vacuum within the SM

↠ constrain new physics models (e.g. MSSM) 

(2) Precise and model-independent access to Higgs couplings
↠ <1% level

↠ identification of correlation patterns among deviations

↠ indirect test of extended Higgs sectors/composite nature

↠ ultimate test of naturalness 

(3) Access to decays modes that are background dominated @ LHC
↠ bb/cc/gg

↠ exotic decay modes (  portal models of Dark Matter)

(4) Constraints on Higgs flavor violating couplings
↠ shed light on the origin of fermion masses and flavours

!67

~~ significant steps in precision study of Higgs properties ~~

Higgs: ee colliders vs LHC
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ROLE OF HIGGS FOR BSM SEARCHES

30
Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!55

The Higgs discovery has been an important milestone for HEP
but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→µτ)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics

1% is also a magic number to probe naturalness of EW sector

High Energy Physics with a Higgs

Measuring Higgs couplings to 1% 
=

Probing Higgs structure to 1/10th of its Compton wave-length

i.e. learning if the Higgs is an elementary particle!
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HIGGS PRODUCTION AT LEPTON COLLIDERS

➤ Higgsstrahlung: e+e- → ZH: 𝜎 ∼ 1/s, dominant up to ≈ 450 GeV

➤ WW fusion: e+e- → H𝜈e𝜈e: 𝜎 ∼ log(s), dominant above 450 GeV. Large statistics at high energy

➤ Higher energy running points useful also to improve Higgs measurements (width and self-coupling) 

31

Higgs-strahlung

Boson fusion
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EFFECT OF POLARIZATION ON HIGGS PRODUCTION (ILC,CLIC)

➤ Higgs-strahlung cross section 
multiplied by  


➤ 1 − P−P+ − Ae × (P− − P+)

➤ Boson fusion cross section 

multiplied by (1−P−) × (1+P+)

32

ILC
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MORE ON POLARIZATION

➤ At a circular collider the beams won’t be longitudinally polarized

➤ if attempted, with difficulty and money, could reach only 30% for e+, with a 50-

fold loss in luminosity at the Z

➤ The effect of polarization on Higgs production at √s=240/250 GeV increases 

the σHZ cross section by 1.4(1.08) in eL-eR+(eR-eL+) configuration

➤ backgrounds also increase, but polarization helps separate production processes 

➤ marginal/no effect on k-fit 


➤ EFT fits benefits marginally of the polarization to constrain additional 
operators

➤ At CC the constraints come from the EW precision measurements 

➤ An additional energy point at √s=365 compensate the need for polarization


➤ For CC the gains from polarization are not worth the induced luminosity loss  

33

see arXiv.1906.02963
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HIGGS PRODUCTION AT HIGHER ENERGIES

➤ ttH production: e+e- → ttH

➤ Accessible √s≥ 500 GeV, maximum ≈ 800 

GeV

➤ Direct extraction of top Yukawa coupling


➤ ZHH and HH𝜈e𝜈e production

➤ From √s=500 GeV (ZHH) and ≈800 GeV 

(HH𝜈e𝜈e ), dual Higgs production

➤ Sensitivity to Higgs self coupling

34

1 Higgs Theory
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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy

Ô
s. Polarization of the electron beam (80%) and the positron beam (20%) is as-

sumed. (Right) The cross sections of the production processes e
+

e
≠ æ hZ, e

+
e

≠ æ H‹e‹̄e, e
+

e
≠ æ He

+
e

≠,
e

+
e

≠ æ tt̄H, e
+

e
≠ æ HHZ and e

+
e

≠ æ HH‹e‹̄e as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.

Z

H

Z

H

He
+

e−

H

H

H

ν

ν−e
+

e
−

Figure 1.5. Typical diagrams for double Higgs boson production via o�-shell Higgsstrahlung (Left) and W -boson
fusion (Right) processes.

Higgsstrahlung cross-section falls o� as 1/s. Consequently, the W -boson fusion mechanism is more
significant at higher energies, and its production cross section grows logarithmically and becomes
larger than that of the Higgsstrahlung cross section for

Ô
s > 450 GeV. At

Ô
s = 500 GeV, both

the Higgsstrahlung process and the W-boson fusion process are important, and at
Ô

s = 1 TeV the
W-boson fusion is dominant. The cross section of e

+
e

≠
æ tt̄h is shown in Fig. 1.4 (Right) . The

threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e

+
e

≠
æ Zhh and e

+
e

≠
æ ‹‹̄hh by extracting the contribution of the

Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e

+
e

≠
æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of

the triple Higgs boson coupling at the energies around 1 TeV.

20
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HIGGS PHYSICS BACKGROUNDS

➤ Physics backgrounds are “small”: examples at √s=240GeV

➤ “Blue” cross sections decrease like 1/s

➤ “Green” cross sections increase slowly with s

35

200 fb

❑ Only one to two orders of magnitude smaller 
❖ vs. 11 orders of magnitude in pp collisions
▪ Trigger is 100% efficient 

Add e+e- → tt  
for √s > 345 GeV

-

0.6 pb

e+e− → qq, l+l−
γγ → qq, 𝓁+𝓁− 
m > 30 GeV e+e− → W+W− e+e− → Ze+e− e+e− → Weν e+e− → ZZ e+e− → Zνν- - -

60 pb 30 pb 16 pb 3.8 pb 1.3 pb1.4 pb 32 fb
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HIGGS DECAYS      HIGGS DECAYS

➤ mH = 125 GeV is a very good place to be

36



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1
MODEL-INDEPENDENT MEASUREMENT OF σHZ AND gHZZ

➤ The Higgs boson in HZ events is tagged by the presence of the Z → e+e−, μ+μ−

➤ Select events with a lepton pair (e+e−, μ+μ−) with mass compatible with mZ


➤ Apply total energy-momentum conservation to determine the “recoil mass”   
           


➤ Plot the recoil mass distribution – resolution proportional to momentum resolution

➤ No requirement on the Higgs decays: measure σHZ × BR(Z→ e+e−, μ+μ−) 


➤ Provides an absolute measurement of gHZZ and sets required detector performance

MH2 = s + M2
Z − 2 s(pμ+ + pμ−)

37

ILC simulation
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RECOIL METHOD WITH HADRONIC Z DECAYS (CLIC) 

38



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1

ZH → 𝓁+𝓁- + nothing, 0.5 ab-1

BR(H → invis) = 100% 

MEASURING THE HIGGS DECAY BR
➤ Repeat the procedure for all possible final states


➤ For all exclusive decays, YY, of the Higgs boson: measure σHZ × BR(H → YY)

➤ Including invisible decays: event containing only the lepton pair with correct (mmiss, mrecoil), otherwise empty


➤ For all decays of the Z (hadrons, taus, neutrinos) to increase statistics [detector requirements]

➤ For the WW fusion mode (Hνν final state): measure σWW→H × BR(H → YY)

39
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HIGGS WIDTH 

40

e+

e−
Z∗

Z

H

Z∗

Z
gHZZ

gHZZ

❖ σHZ is proportional to gHZZ
2  

❖ BR(H → ZZ) = Γ(H → ZZ) / ΓH is proportional to 
gHZZ

2 /ΓH 

▪ σHZ × BR(H → ZZ)  is proportional to gHZZ
4 / ΓH 

❖ Infer the total width ΓH

Analysis

The final step: look at missing mass distribution:
400

300

200

100

0

50 100 150 200 250

nu
m

be
r o

f e
ve

nt
s/

50
0 

fb
-1 WW-Fusion

missing mass (GeV)

sqrt(s) = 350 GeV
mH =      120 GeV Higgsstrahlung

Interference
Background

Determine the rate for WW-fusion from a shape fit to the con-
tributions of WW-Fusion, Higgs-Strahlung and background.

Interference currently treated as constant (could be fit as well)

Systematics: background shape can be checked from
anti-b-tagged selection

Higgs-Strahlung shape can be checked with
events after removing the leptons

Running with different beam polarisation has different effects
on the background and Higgsstrahlung contributions!

K. Desch Measurement of the Cross Section for WW–Fusion, LCWS2000 – Fermilab, 25/10/200 Page 7

-

ee →HZ & H → ZZ  at √s = 240 GeV 

WW → H νν→ bbνν  at √s = 365 GeV 

ΓH ∝
σWW→H

BR(H → WW)
=

σWW→H→bb̄

BR(H → WW) × BR(H → bb̄)

➤ Model independent determination of the total Higgs decay width down to 1.3% with runs 
at √s=240 and √s=365 GeV 


➤ To extract couplings from BR need the total width

Width to Couple of %
Width to 1%
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➤ Ultimate precision on Higgs couplings below 1% (and measurement 
of the total width) a milestone of the FCC physics program.  
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Yellow highlight 
for those 
couplings best 
measured with 
FCC-hh 
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Coupling HL-
LHC

CEPC240 FCCee36

5

ILC500 CLIC1500

κW  [%] 1.2 1.3 0.43 0.29 0.17

κZ    [%] 1.0 0.13 0.17 0.23 0.26

κc     [%] SM 2.2 1.3 1.3 1.8

κt     [%] 2.8 - - 6.9 n.a.

κb    [%] 2.7 1.2 0.67 0.58 0.48

κμ    [%] 4.4 8.9 8.9 9.4 13

κτ     [%] 1.6 1.3 0.73 0.7 1.3

κγ     [%] 1.7 3.7 3.9 3.4 5.0

κg    [%] 2.2 1.5 1.0 0.97 1.3

κZγ  [%] 10 8.2 - - 15

𝚪H   [%] ~50 3.1 1.3 1.6 2.6

BRinv [%] ≲ 2 < 0.27 < 0.19 < 0.22 < 0.62
BREXO [%] SM < 1.1 < 1.0 < 1.4 < 2.4

𝛌3 (sngl-H/di-H) - / 50 17 / - 19 / - 26 / 27 40 / 36

Sensitive to new physics at tree level 
Expected effects < 5% / Λ2NP 
1% precision needed for ΛNP ~ 1TeV 
Sub-percent needed for ΛNP > 1TeV

Sensitive to new 
physics in loops

Sensitive to light dark 
matter particles (sterile ν, 

χ, …) 
and to other exotic 

decays
Higgs self-coupling

Model-independent results

Generally, a factors of 2−10 better than HL-LHC 
Plus Model Independence
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SOMETHING UNIQUE: ELECTRON YUKAWA COUPLING

e+e-  H @ 125.xxx GeV requires: 
➤  Higgs mass to be known to <5 MeV from 240 GeV run (CEPC group almost there)

➤ Huge luminosity 

➤ monochromatization (opposite sign dispersion using magnetic lattice) to reduce σECM

➤ continuous monitoring and  adjustment of ECM  to  MeV precision (transv. Polar.)

➤ an extremely sensitive event selection against backgrounds 

➤ a generous lab director to spend 3 years doing this and neutrino counting

→

43

HUGE CHALLENGE



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1
 HIGGS SELF-COUPLING WITH SINGLE HIGGS

➤ Traditionally kλ measured in double Higgs production at 
higher energies. FCC-ee can profit of the significant 
effect on single Higgs production 
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38 CHAPTER 3. ELECTROWEAK PHYSICS

0 10 20 30 40 50
 [%]3κ68% CL bounds on 

CLIC

CEPC

ILC

FCC-ee

FCC-ee/eh/hh

HE-LHC

HL-LHC

under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50%
HL-LHC

[10-20]%
HE-LHC

50%
HE-LHC

5%
FCC-ee/eh/hh

25%
FCC-ee/eh/hh

15%
LE-FCC

n.a.
LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24%
     4IP

365FCC-ee

 33%
     365FCC-ee

 49%
     240FCC-ee

10%
1000ILC

36%
1000ILC

27%
 500ILC

38%
 500ILC

 49%
 250ILC

 49%
CEPC

-7%+11%
3000CLIC

49%
3000CLIC

36%
1500CLIC

49%
1500CLIC

 50%
 380CLIC

Higgs@FC WG September 2019

Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[1]	
q  Traditionally	κλ	is	measured	with	a	c.o.m.	energy	of	at	least	500	GeV.	

◆  At	the	FCC-ee,	a	different	method	can	be	used	with	single	Higgs	production	

	

q  Effect	on	σHZ	is	large	at	the	FCC-ee	
◆  With	respect	to	exp’tal	precision	on	σHZ	

q  ~12%	exclusive	precision	on	κλ	with	2	IPs	
◆  Reduced	to	9%	with	a	4	IP	scenario	

●  If	all	other	couplings	are	fixed	to	their	SM	values	

6 March 2019 
Physics at FCC : CDR Symposium 
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M.	McCullough	
arXiv:1312.3322	

κH	

κλ κλ

+

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Double	Higgs	
production	

σHZ	

Z	 Z	

h	

h	

h	

h	

�
κλ	

Δσ

σ

Up	to	2%	effect	on	σHZ		

C.	Grojean	et	al.	
arXiv:1711.03978	

250 300 350 400 450 500
0.000

0.005

0.010

0.015

0.020

0.025

s [GeV]

C
1

e+e-→hZ

e+e-→ννh

Figure 2: Left: Value of C1 as a function of the center of mass energy
Ô

s for the e
+

e
≠

æ hZ and
e

+
e

≠
æ ‹‹̄h single Higgs production processes. Right: The linear dependence of production

and decay rates on the ”Ÿ⁄, ”cZ , cZZ and cZ⇤ parameters (see Section 2.2 for details on the
meaning of these parameters). For e

+
e

≠
æ ‹‹̄h, only the WW -fusion contribution is included.

The dependence on ”Ÿ⁄ is amplified by a factor of 500.

The value of C1 in Higgsstrahlung (e+
e

≠
æ hZ) and WW -fusion (e+

e
≠

æ ‹‹̄h)
processes are shown in the left panel of Fig. 2 as functions of the center-of-mass energy
Ô

s. Very di�erent energy dependences are observed for the two processes. A quick
decrease is seen in Higgsstrahlung, from C1 ƒ 0.022 at threshold to about C1 ƒ 0.001 at a
center-of-mass energy of 500 GeV. On the other hand, a nearly constant value C1 ƒ 0.006
is observed for the WW -fusion process over the same range of energy. Further numerical
values are provided in Appendix A for both production and decay processes. Beside the
inclusive production and decay rates, we also checked the impact of a correction to ”Ÿ⁄

on the angular asymmetries that can be exploited in e
+

e
≠

æ hZ æ h¸
+

¸
≠ measurements

(see Refs. [29, 30]). We found that these e�ects are almost negligible and have no impact
on the fits.

To conclude this section, we show in the right panel of Fig. 2 the linear dependences of
a set of production rates and Higgs partial widths on ”Ÿ⁄ and on three EFT parameters
that encode deviations in the Z-boson couplings, ”cZ , cZZ and cZ⇤ (see Section 2.2 for
a detailed discussion of the full set of BSM e�ects we are considering). Only leading-
order dependences are accounted for, at one loop for ”Ÿ⁄ and at tree level for the other
parameters. One can see that the various observables have very di�erent dependences
on the EFT parameters. For instance, ”cZ a�ects all the production processes in an
energy-independent way.5 On the contrary, the e�ects of cZZ and cZ⇤ grow in magnitude
for higher center-of-mass energy in both Higgsstrahlung and WW -fusion cross sections.
It is apparent that the combination of several measurements can allow us to e�ciently
disentangle the various BSM e�ects and obtain robust constraints on ”Ÿ⁄. From the sensi-
tivities shown in Fig. 2, we can roughly estimate that a set of percent-level measurements

5In the language of the dimension-six operators, ”cZ is generated by the operator OH = 1
2 (ˆµ|H

2
|)2,

which modifies all Higgs couplings universally via the Higgs wave function renormalization.

7

Measurements at 
different √s also help to 
lift degeneracy between 
processes

Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[2]		
q  The	cross	section	depends	on	other	couplings	(HZZ,	HHZZ,	at	least)	

◆  …	and	of	the	overall	model	structure,	which	might	differ	from	SM	structure	
●  e.g.,	additional	eeZH	coupling,	or	e+e-	→	A	→	HZ	graphs	

q  Two	energy	points	lift	off	the	degeneracy	between	HZZ	and	HHH	

q  Additional	couplings	addressed	by	a	global	EFT	fit				(J.	De	Blas’	presentation)	
◆  All	FCC-ee	Higgs	measurements	are	important	in	this	fit	
◆  Most	FCC-ee	EW	precision	measurements	are	equally	important					(R.	Tenchini’s	talk)	

●  To	fix	extra	parameters	that	would	otherwise	enter	the	fit	and	open	flat	directions	

6 March 2019 
Physics at FCC : CDR Symposium 
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C.	Grojean	et	al.	
arXiv:1711.03978	
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The	trilinear	Higgs	self-coupling	κλ	[1]	
q  Traditionally	κλ	is	measured	with	a	c.o.m.	energy	of	at	least	500	GeV.	

◆  At	the	FCC-ee,	a	different	method	can	be	used	with	single	Higgs	production	

	

q  Effect	on	σHZ	is	large	at	the	FCC-ee	
◆  With	respect	to	exp’tal	precision	on	σHZ	

q  ~12%	exclusive	precision	on	κλ	with	2	IPs	
◆  Reduced	to	9%	with	a	4	IP	scenario	

●  If	all	other	couplings	are	fixed	to	their	SM	values	

6 March 2019 
Physics at FCC : CDR Symposium 
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κH	

κλ κλ
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Double	Higgs	
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Up	to	2%	effect	on	σHZ		

C.	Grojean	et	al.	
arXiv:1711.03978	

Precision on kλ

FCC-ee 33 %

FCC-ee(4IP) 24 %

FCC(ee+hh) 5 %
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PINNING THE SM  
(EWK PRECISION 
MEASUREMENTS) 
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ELECTROWEAK PRECISION MEASUREMENTS
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TeraZ (5 X 1012 Z)
From data collected in a lineshape energy scan:
• Z mass (key for jump in precision for ewk fits)
• Z width (jump in sensitivity to ewk rad corr)
• Rl = hadronic/leptonic width (αs(m2

Z), lepton 
couplings, precise universality test )

• peak cross section (invisible width, Nν )
• AFB(µµ) (sin2qeff , aQED(mZ

2), lepton couplings)
• Tau polarization (sin2qeff , lepton couplings, 
aQED(mZ

2))
• Rb, Rc, AFB(bb), AFB(cc) (quark couplings)
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➤ Boils down to measuring cross 
sections and asymmetries

➤ The dominant experimental uncertainties 

come from the beam energy knowledge
Giga/Tera-Z run ( Z)109/1012
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PRECISION MEASUREMENTS OF  FROM sin2θeff Ae

48

Precision meas. of EW couplings: sin2θeff from Ae

6/18/21 E.Perez16

• Polarized collider: Ae = ALR = ( σL – σR) / ( σL + σR). Robust. Dominant syst. 
from the polarisation measurement, measured in-situ thanks to both P+ and P- :

• Main uncertainty: Bhabha bckgd, measured in-situ.
• Should provide Δ(sin2θeff) =  2-3 10-6

• ILC 250, 2 ab-1: 80 M hadronic Z’s from radiative return: stat dominated:
• Stat error (rel) = 10-3, i.e. Δ(sin2θeff) ~ 2 10-5 (~ current / 10)

• Giga-Z : 3 109 hadronic Z’s,  dominated by systematics   [8]
• Precise meas. of √s is crucial: rel error = 1.3 10-4 x Δ√s / MeV
• Pol: 5 10-4 (rel) expected from σ(2f), i.e. Δ(sin2θeff) ~ 10-5

Fit of P(%) vs cosθ% : Ae much less affected by syst. than A%. 
• FCC: get Ae from the angular distrib. of the tau polarisation

At the Z pole: less in-situ constraints on pol (no WW) absent, i.e. larger impact of 
the polarimeter measurement ? Independent meas. useful - via P(%) for example. 

A% more demanding: e.g. systematics on ECAL scale 
and " misid to be studied. Focus on ρ$ or % → h$ : avoid 
modelling uncertainties affecting the a1 channel.

NB: Such precisions on sin2θeff call for improved MZ, &QED(M2
z)  !!

➤ If polarisation is available. Robust determination via: 



➤ Dominant syst. from the polarisation measurement, measured in situ with P+ and P-
Ae = ALR = (σL − σR)/(σR + σR)

Precision meas. of EW couplings: sin2θeff from Ae

6/18/21 E.Perez16

• Polarized collider: Ae = ALR = ( σL – σR) / ( σL + σR). Robust. Dominant syst. 
from the polarisation measurement, measured in-situ thanks to both P+ and P- :

• Main uncertainty: Bhabha bckgd, measured in-situ.
• Should provide Δ(sin2θeff) =  2-3 10-6

• ILC 250, 2 ab-1: 80 M hadronic Z’s from radiative return: stat dominated:
• Stat error (rel) = 10-3, i.e. Δ(sin2θeff) ~ 2 10-5 (~ current / 10)

• Giga-Z : 3 109 hadronic Z’s,  dominated by systematics   [8]
• Precise meas. of √s is crucial: rel error = 1.3 10-4 x Δ√s / MeV
• Pol: 5 10-4 (rel) expected from σ(2f), i.e. Δ(sin2θeff) ~ 10-5

Fit of P(%) vs cosθ% : Ae much less affected by syst. than A%. 
• FCC: get Ae from the angular distrib. of the tau polarisation

At the Z pole: less in-situ constraints on pol (no WW) absent, i.e. larger impact of 
the polarimeter measurement ? Independent meas. useful - via P(%) for example. 

A% more demanding: e.g. systematics on ECAL scale 
and " misid to be studied. Focus on ρ$ or % → h$ : avoid 
modelling uncertainties affecting the a1 channel.

NB: Such precisions on sin2θeff call for improved MZ, &QED(M2
z)  !!

➤ At FCC get  from the angular distribution of tau 
polarisation. Fit of  vs .  much less affected by 
syst. Than . Should provide 

Ae
P(τ) cosθτ Ae

Aτ Δsin2θeff = 2 − 3 × 10−6

Direct	measurement	of	Ae	at	LEP:		
tau	polarization	

•  Separate measurements of Ae and Aτ 

€ 

Apol =
σF ,R +σB ,R −σF ,L −σB ,L

σ tot

= −Af

Apol
FB =

σF ,R −σB ,R −σF ,L +σB ,L

σ tot

= − 3
4 Ae
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Precision meas. of Z couplings: Rl, Rb and Rc

6/18/21 E.Perez17

1 / Rl = Γl / Γhad,  
Rb,c = Γb,c / Γhad

• Dominant systematic on Rl expected to come :
- from identification efficiencies with a few times the LEP statistics (ILC 250)
- from the determination of the acceptance at GigaZ / FCC 

Example, Rl at FCC: goal for ΔRl / Rl = 1-5 10-5 . Position of edge of the forward 
calorimeter, edge of tracking acceptance: must be known to O( 10 μm ).

- the fwd detector must be carefully designed 
- e.g. hermetic calo, precise pre-shower in front

- will need “asymmetric” selection as done for the luminosity measurement 

• Measurement of Rb,c: large statistics + improved VTX detectors w.r.t LEP / SLD 
allows to focus on double-tagged events. Expected systematics:

- Hemisphere correlations: much less an issue than at LEP thanks to very small 
beam-spot. Further minimized with a tagger whose efficiency is independent on 
the b kinematics.

- Large control samples to study effect of gluon splittings
- Selections that minimize QCD effects

Uncertainties O(10x – 100x) better than current ones within reach:   [8, 18]
ΔRb / Rb ~ ( 0.5 – 1 ) . 10-4 at FCC,  ( 7 – 10 ). 10-4 at GigaZ / LC

1/Rl = Γl /Γhad

Rb,c = Γb,c/Γhad
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SELECTED ELECTROWEAK QUANTITIES AT THE FCC

➤ In this context would need from theory full 3-loop calculations for the Z pole and 
propagator EWK corrections and probably 2-loop for EWK corrections to the WW cross 
section.  Matching these experimental precisions motivates a significant theoretical effort. 50
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Table 3.1 Measurement of selected electroweak quantities at the FCC-ee, compared with the present precisions

Observable Present value ± error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

mZ (keV) 91,186,700 ± 2200 5 100 From Z line shape scan Beam energy calibration

!Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan Beam energy calibration

RZ
" (×103) 20,767 ± 25 0.06 0.2–1.0 Ratio of hadrons to leptons acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
" above [43]

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat. extrapol. from SLD [44]

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak [34]

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge asymmetry τ decay physics

mW (MeV) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam energy calibration

!W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan Beam energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
" [45]

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns

mtop (MeV) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors dominate

!top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

asymmetries. Also the tau lepton branching fraction and lifetime measurements, especially if a more precise tau mass
becomes available, will provide another dimension of precision measurements.

– While statistical precisions follow straightforwardly from the integrated luminosities, the systematic uncertainties do not.
It is quite clear that for the Z and W mass and width the centre-of-mass energy uncertainty will dominate, and that for the
total cross-sections (thus the determination of the number of neutrinos) the luminosity measurement error will dominate.
These have been the subject of considerable work already. However there is no obvious limit in the experimental precision
reachable for such observables as RZ

" or Rb or the top quark pair cross-section measurements.
– While the possible experimental systematic error levels for RZ

" , Rb, Ab
FB, 0, Apol,τ

FB have been indicated, these should be
considered as indicative, and are likely to change, hopefully improve, with closer investigation. Heavy flavour quantities
will readily benefit from the improved impact parameter resolution available at FCC-ee due to the smaller beam pipe
and considerable improvements in silicon trackers. Also since LEP and SLD the knowledge of both τ and b physics has
benefited considerably from the b-factories and will benefit further with SuperKEKB.

Table 3.1 clearly sets the requirements for theoretical work: the aim should be to either provide the tools to compare
experiment and theory at a level of precision better than the experimental errors, or to identify which additional calculation
or experimental input would be required to achieve it. Another precious line of research to be done jointly by theoreticians
and experimenters will be to try to find observables or ratios of observables for which theoretical uncertainties are reduced.

The work that experiment requires from the theoretical community can be separated into a few classes.

– QED (mostly) and QCD corrections to cross-sections and angular distributions that are needed to convert experimentally
measured cross-sections back to ‘pseudo-observables’: couplings, masses, partial widths, asymmetries, etc. that are close
to the experimental measurement (i.e. the relation between measurements and these ‘pseudo-observables’ does not alter
the possible ‘new physics’ content). Appropriate event generators are essential for the implementation of these effects in
the experimental procedures.

– Calculation of the pseudo-observables with the precision required in the framework of the SM with the required precision
so as to take full advantage of the experimental precision.

123
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➤ In this context would need from theory full 3-loop calculations for the Z pole and 
propagator EWK corrections and probably 2-loop for EWK corrections to the WW cross 
section.  Matching these experimental precisions motivates a significant theoretical effort. 50
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mZ (keV) 91,186,700 ± 2200 5 100 From Z line shape scan Beam energy calibration

!Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan Beam energy calibration

RZ
" (×103) 20,767 ± 25 0.06 0.2–1.0 Ratio of hadrons to leptons acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
" above [43]

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat. extrapol. from SLD [44]

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak [34]

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge asymmetry τ decay physics

mW (MeV) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam energy calibration

!W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan Beam energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
" [45]

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns

mtop (MeV) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors dominate

!top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

asymmetries. Also the tau lepton branching fraction and lifetime measurements, especially if a more precise tau mass
becomes available, will provide another dimension of precision measurements.

– While statistical precisions follow straightforwardly from the integrated luminosities, the systematic uncertainties do not.
It is quite clear that for the Z and W mass and width the centre-of-mass energy uncertainty will dominate, and that for the
total cross-sections (thus the determination of the number of neutrinos) the luminosity measurement error will dominate.
These have been the subject of considerable work already. However there is no obvious limit in the experimental precision
reachable for such observables as RZ

" or Rb or the top quark pair cross-section measurements.
– While the possible experimental systematic error levels for RZ

" , Rb, Ab
FB, 0, Apol,τ

FB have been indicated, these should be
considered as indicative, and are likely to change, hopefully improve, with closer investigation. Heavy flavour quantities
will readily benefit from the improved impact parameter resolution available at FCC-ee due to the smaller beam pipe
and considerable improvements in silicon trackers. Also since LEP and SLD the knowledge of both τ and b physics has
benefited considerably from the b-factories and will benefit further with SuperKEKB.

Table 3.1 clearly sets the requirements for theoretical work: the aim should be to either provide the tools to compare
experiment and theory at a level of precision better than the experimental errors, or to identify which additional calculation
or experimental input would be required to achieve it. Another precious line of research to be done jointly by theoreticians
and experimenters will be to try to find observables or ratios of observables for which theoretical uncertainties are reduced.

The work that experiment requires from the theoretical community can be separated into a few classes.

– QED (mostly) and QCD corrections to cross-sections and angular distributions that are needed to convert experimentally
measured cross-sections back to ‘pseudo-observables’: couplings, masses, partial widths, asymmetries, etc. that are close
to the experimental measurement (i.e. the relation between measurements and these ‘pseudo-observables’ does not alter
the possible ‘new physics’ content). Appropriate event generators are essential for the implementation of these effects in
the experimental procedures.

– Calculation of the pseudo-observables with the precision required in the framework of the SM with the required precision
so as to take full advantage of the experimental precision.

123

Theoretical advances are necessary to 
match the experimental precision! 
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OkuWW (108 WW)
From data collected around and above the WW 
threshold:
• W mass (key for jump in precision for ewk fits)
• W width (first precise direct meas)
• RW = Ghad/Glept (αs(m2

Z))
• Ge , Gµ , Gt (precise universality test )
• Triple and Quartic Gauge couplings (jump in 

precision, especially for charged couplings)

➤ Sensitivity to mass and width is 
different as a function of √s: choosing 
the scan strategy to optimise both

24

W Mass at e+e− Colliders
ILC at threshold with polarisation 
• use LR to enhance WW
• use RL to measure backgrounds
• use LL and RR to control polarisation
• 500 fb−1 (±80%,∓30%) ➔ δMW≈2.1 MeV (stat+syst)

Above threshold 
• 1000 times LEP-2 statistics
• much better detectors

A run at √s = 160 GeV not in the  
current staged running scenario at the ILC

Center-of-mass energy (unc. 0.3 MeV)
• known by resonant depolarisation
Luminosity  (unc. <2×10−4)
• from Bhabha events
Carefully chosen energy points

FCC-ee at threshold, unpolarised

ΔMW = 0.7 MeV
ΔΓW = 1.5 MeV

THE WW THRESHOLD



pa
tri

zi
a 

az
zi

 -Y
ET

I L
ec

tu
re

s 
-0

6/
07

/2
02

1
MEASUREMENT OF W MASS FROM DIRECT RECONSTRUCTION
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Measurement of the W mass from final state reconstruction

6/18/21 E.Perez15

Both at threshold and at higher √s :

MW can be obtained from final state 

reconstruction. 

Several methods can be contemplated.

• esp. with precise knowledge of √s, 

does not have to rely only on hadronic 

masses (JES syst.) 

Example: Kinematic fit

• Exploit 4-momentum conservation: thanks to precise knowledge of √s

• Δ√s at FCC 240 GeV: yet to be improved to compete with the scan !

• Requires very good understanding of full error matrices of objects

• Effect of ISR and beamstrahlung ?

• Hadronic channel : uncertainties from WW → had modeling ?

• Controlled from precise measurements of frag. properties of  Z → qq

FCC: at threshold, precision may compete 

with scan – i.e. O(500 keV) - if systematic 

uncertainties are controlled [17].

ILC baseline : could allow a < 3 MeV 

measurement with 250 GeV dataset  [8].

Fast Simulation,

CLD
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parison with the prospects obtained without Higgs measurements, shown with trapezoidal
marks. Sizeable e�ects are only seen, at linear colliders, on the Z-boson couplings to
electrons. Those would also be the most a�ected by an improvement of the left-right
polarization asymmetry ALR mentioned earlier. At the HL-LHC, the impact of Higgs mea-
surements on EW couplings is only visible for the gauge couplings of the light quarks, of
down type in particular (d and s), which are poorly constrained at LEP and SLD. The
V h and diboson production processes, mostly initiated by light quarks at the LHC, are
sensitive to these couplings [55].

In addition to the precision reach of each coupling, the correlations among them also
contain important information, and are particularly relevant for understanding the inter-
play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

�gH
ZZ �gH

WW �gH
�� �gH

Z� �gH
gg �gH

tt �gH
cc �gH

bb �gH
�� �gH

�� �g1,Z ��� �Z
10-4

10-3

10-2

10-1

1

10-5

10-4

10-3

10-2

10-1

H
ig
gs
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up
lin
gs

aTG
C
s

precision reach with different assumptions on e+e-�WW measurements
HL-LHC S2 + LEP/SLD
CEPC Z/WW/240GeV
FCC-ee Z/WW/240GeV
FCC-ee Z/WW/240GeV/365GeV

ILC 250GeV
ILC 250GeV/350GeV
ILC 250GeV/350GeV/500GeV

CLIC 380GeV
CLIC 380GeV/1.5TeV
CLIC 380GeV/1.5TeV/3TeV

P(e-,e+)=(�0.8,±0.3) P(e-,e+)=(�0.8, 0)

light shade: �=0.01 (�WW
2 ���WW

2 )
solid shade: �=0.5 (default)

: �=1
lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks

Figure 6: Impact of diboson measurement precision on Higgs and triple-gauge couplings.
Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize

– 20 –
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Global Higgs-TGC constraints
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precision reach on effective couplings from full EFT global fit
HL-LHC S2 + LEP/SLD
CEPC Z/WW/240GeV
FCC-ee Z/WW/240GeV
FCC-ee Z/WW/240GeV/365GeV

ILC 250GeV
ILC 250GeV/350GeV
ILC 250GeV/350GeV/500GeV

CLIC 380GeV
CLIC 380GeV/1.5TeV
CLIC 380GeV/1.5TeV/3TeV

P(e-,e+)=(�0.8,±0.3) P(e-,e+)=(�0.8, 0)

light shade: CEPC/FCC-ee without Z-pole
CEPC/FCC-ee without WW threshold
perfect EW perfect EW&TGC

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks

Z@250GeV Z@380GeV
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Ratios, real EW / perfect EW

�gH
ZZ �gH

WW �gH
��

�gH
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tt �gH
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�gH
ZZ �gH
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1.5

20 /

Z -pole

15 EW param. also marginalized over

O

assumed perfectly constrained

· Z -pole run has a big impact

· WW threshold run has marginal impact

· polarization helps compensating for the absence of Z -pole run

· new electroweak measurement help (e.g. ALR in radiative Z -pole return)
· higher energy runs help (in specific directions)

Gauthier Durieux – LCWS, Sendai – 29 October 2019 6
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Global Higgs-TGC constraints
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· Z -pole run has a big impact

· WW threshold run has marginal impact

· polarization helps compensating for the absence of Z -pole run

· new electroweak measurement help (e.g. ALR in radiative Z -pole return)
· higher energy runs help (in specific directions)

Gauthier Durieux – LCWS, Sendai – 29 October 2019 6
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SUMMARY ON NEW PHYSICS SENSITIVITIES FROM PRECISION 

➤ Fit to new physics effects parameterized by dim 6 SMEFT operators  

➤ single operator fit can be informative 

➤ model independent result only for global fit 
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• Interpretation of EFT results: What do the EFT limits mean? 

Jorge de Blas 
INFN - University of Padova

FCC-ee Physics Meeting 
CERN, Feb 19, 2018

The dimension 6 SMEFT

What do we mean by “Sensitivity to NP up the scale of N TeV?” e.g.
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Fig. 1.14. FCC-ee Higgs constraints on the di↵erent EFT interactions in equa-
tions (1.13) and (1.14), compared to the current LHC Run 2 results. The impact of the
di↵erent types of SM theory uncertainties are also shown (neglecting intrinsic, parametric
and both uncertainties, respectively).
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neglecting all SM theory uncertainties.

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

Requires 10-fold improvement in theory calculations
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HEAVY FLAVOR PRODUCTION - COMPARISONS
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Flavours @ FCC-ee 5S. Monteil

A) Heavy Flavours Production — Comparisons

• Features: 

• ~15 times Belle II anticipated statistics.
• All species of b-hadrons are produced. 
• Boost at the Z: topological reconstruction of the decays.    
• Effective flavour tagging efficiency can be expected at 10% level.   

Note:  the comparison with the LHCb experiment is more involved since the decay 
modes yields depend on trigger efficiency. Performance to be compared mode by 
mode.  

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220

Flavours @ FCC-ee 4S. Monteil

0) FCC-ee specifics for Flavour Physics.

• A- Particle production: 

• About 15 times the Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 
• Expect ~4.109  Bc-mesons assuming 

• B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150

* clean environement

*

*

and also excellent displaced vertex reconstruction

√s=10.6GeV
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TERA-Z -YELDS FOR FLAVOR ANOMALY STUDIES

60Flavours @ FCC-ee 2

Executive summary — Flavours at FCC-ee

1) Heavy Flavours Production — Comparison w/ Belle II 

2) Flavour anomalies — b—> sll yields and  B0 → K*0�τ+τ-. 

CHAPTER 7
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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
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t!3pn⌧ and K⇤ !K+p�, allowing to reconstruct the decay vertices. The two dominant backgrounds
are included: B̄s ! D

+
s D
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s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

B̄
0 ! K

⇤0
(892)t+t� are therefore obvious candidates to study. The excellent knowledge of the de-

cay vertices, thanks to the multibody hadronic t decays, allows to fully solve the decay kinematics in
spite of the final-state neutrino. The decay B̄

0 ! K
⇤0

(892)t+t� has been studied using Monte Carlo
events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.1 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.1: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.

90
DRAFT - NOT FOR DISTRIBUTION
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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing the decay vertices to be reconstructed. The two dominant back-
grounds are included: B̄s ! D

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

in spite of the final-state neutrino. The decay B̄
0 ! K

⇤0
(892)t+t� has been studied using Monte Carlo

events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.2 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.2: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.

90
DRAFT - NOT FOR DISTRIBUTION

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220

The excellent knowledge of the decay vertex, due to the 
multibody hadronic tau decay, allow to fully reconstruct the 

decay kinematics (in spite of a final-state neutrino)   

👍  Full reconstruction possible
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RARE DECAYS & FLAVOR ANOMALIES -  B̄0 → K*0(892)τ+τ−

61

Flavours @ FCC-ee 7S. Monteil

B) CDR: Rare decays & anomalies — B0 → K*0�τ+τ-. 

• Topological reconstruction of the missing 
energy with meas. of the decay vertices.  

• �ackground estimates from generic 
double-charmed decays at SM values w/
proxies (no meas. available). 

• Vertex detector can be very close to the 
beam pipe. Considered ILD-like 
vertexing performance.  

• Focus here on the charged-only  three-
prongs decays of the taus.   
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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing the decay vertices to be reconstructed. The two dominant back-
grounds are included: B̄s ! D

+
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�

s K
⇤0

(892) (red) and B̄
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+
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⇤0
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in spite of the final-state neutrino. The decay B̄
0 ! K

⇤0
(892)t+t� has been studied using Monte Carlo

events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.2 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.2: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.

90
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Bottomline: several thousands of decays can be reconstructed, if the branching 
fraction is at SM value. O(5%) precision on BF. Angular analyses can be 
performed [arXiv:1705.11106]. 

green line is candidates 

The two dominant backgrounds are included: B̄s → D+
s D−

s K*0(892)(red) B̄0 → D+
s K̄*0(892)τ−ν̄τ(pink)

B̄0 → K*0(892)τ+τ−

τ− → π−π+π−ντ
K*(892) → K+π−
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Di-leptonic decays  (ex . B0 → μμ, Bs → ττ)

62

Flavours @ FCC-ee 5

2) Di-leptonic decays (e.g. B0 →μ+μ-, Bs → τ+τ-).  

Again fundamental tests. Particularly important in the 
context the Flavour anomalies. FCC-ee is especially  
expected for Bs → τ+τ- .   

• More complex experimentally because of the 
absence of the secondary vertex to be used in 
topological reconstructions. Ideas to mitigate this 
absence, such as using  the quark direction in the  
other hemisphere.     

• Similar techniques employed as for ElectroWeak 
penguins with τ. That should be part of the same 
collective  exploration.

Heavy Flavours: physics opportunities and challenges 
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TERA-Z - TAU PHYSICS

63
Flavours @ FCC-ee 4

Executive summary — Flavours at FCC-ee

4) Tau Physics
Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?

Property Current WA FCC-ee stat FCC-ee syst
Mass [MeV] 1776.86 +/- 0.12 0.004 0.1 

Electron BF [%] 17.82 +/- 0.05 0.0001 0.003
Muon BF 17.39 +/- 0.05 0.0001 0.003
Lifetime [fs] 290.3 +/- 0.5 0.005 0.04

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x -6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z decays:

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

CLFV τ decays:

Tau properties

Flavours @ FCC-ee 4
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in SM <10-50

A lot more unique opportunities…
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NEED MORE TOP PHYSICS! 

➤ Top being the heaviest quark (and particle) in the 
SM is the one that most strongly influences the 
Higgs and its potential 


➤ Its mass leads to a yukawa coupling of about 1. 
Coincidence? 


➤ Top mass also close to the critical value between 
the region where the Higgs potential is stable up to 
the Plack scale (or not)

65

Future Colliders will complete redefine the landscape 
of top studies and measurements: each machine 
providing the ultimate precision for various flagship 
measurements, greatly improving over HL-LHC 
precision studies. 

t H
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TOP PRODUCTION CROSS SECTION AT LEPTON COLLIDERS

66

Introduction

Top-quark processes

 [GeV]s
0 1000 2000 3000

(+
X)

) [
fb

]
t t

→ - e+
(e
σ

1−10

1

10

210

310
tt

eνeνtt Htt

Ztt

1.5 TeV 3 TeV Top pair-production at and
above the threshold (380GeV)

top-quark mass

rare decays

electroweak couplings

Additional processes open at
high energies

ttH ) Yukawa coupling
and CP properties

ttnene vector-boson fusion
) BSM constraints

Doubled at high energy: total of over 2.8 million (anti)top quarks

A.F.Żarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 5 / 20
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TOP PRODUCTION & DECAY AT LEPTON COLLIDERS

➤ Top physics analysis is driven by production and decays modes

➤ at lepton collider running close to threshold (or above), pair production dominates


➤ The decay ~100% BR  in Wb

➤ final states classified on the basis of the Ws decay


➤ at lower center of mass energies can profit of (anomalous) production of single top 

➤ SM cross section is tiny and basically impossible to disentangle from pair production at ee 

colliders

67
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TOP PHYSICS RUNS AT FUTURE LEPTON COLLIDERS 

➤FCC-ee : √s= 365 GeV 

➤ILC:          √s= 500, 1000 GeV 

➤CLIC:       √s= 380, 1400, 3000 GeV 


➤They all include a short run at the top 
threshold 

68
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TOP QUARK AT LEPTON COLLIDERS - THE PRODUCTION 

69Frank Simon (fsimon@mpp.mpg.de)Top Threshold: Experimental Aspects - Top@LC, June 2018
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EPJ C73, 2530 (2013)

Introduction

�3

Precision Top Physics at the Threshold

• The top quark is the only quark that has so far escaped 
the scrutiny of e+e- colliders - at the same time it may be 
particularly sensitive to New Physics


• Precise measurements, coupled with precise theoretical 
calculations, provide excellent discovery potential

• also depends on accelerator features  
Here: nominal ILC TDR luminosity spectrum at 350 GeV

• The cross section for top quark pair production in 
the threshold region is highly sensitive to the top 
quark mass and other top quark properties - and 
can be calculated with high precision
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THE THRESHOLD SCAN REGION

➤ Cross section shape depends strongly on top quark mass, 
width, αs and Yt


➤ Top mass can then be extracted directly with a threshold scan

➤ The threshold shape is affected by ISR and  machine beam 

energy spread 

➤ The FCC-ee has very steep luminosity profile, enhancing size of top 

sample

➤ corresponds to about a 20% improvement in statistics compared to 

ILC

70

Luminosity Profile
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OPTIMIZING THE THRESHOLD SCAN 

71Frank Simon (fsimon@mpp.mpg.de)Top Threshold: Experimental Aspects - Top@LC, June 2018
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/dyσd
-1 for 10 fbstatσΔ

preliminary
based on CLIC/ILC Top Study
EPJ C73, 2530 (2013)

May 2017

Optimising Threshold Scans

�5

Measuring at the right energies

• Default assumption: 10 points spaced by 1 GeV, 
each with equal integrated luminosity 
Obvious question: Can we do better? 

➫ The optimal way to distribute the integrated 
luminosity in the threshold region depends on 
the quantities you want to measure

Plot shows the derivative of the cross 
section for various parameters - to make 
this understandable this is normalised to 
typical changes of these parameters

best measure mass here best measure width here

best measure yt 

here

For each of the quantities there is an 
optimum - if you concentrate your 
integrated luminosity there you get 
the best statistical precision BUT: You have to find that point!
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THRESHOLD SCAN REGION OPTIMISATION
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January 2018

sensitivity to:

mass
width
Yukawa
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EFFECT OF THE LUMINOSITY SPECTRUM

73Frank Simon (fsimon@mpp.mpg.de)Top Threshold: Experimental Aspects - Top@LC, June 2018

 [GeV]s
340 345 350

]
Δ

/d
X 

[fb
/ty

p 
σd

5−

0

5

10

15  171.5 GeV, FCCeePS
tm

 = 20 MeV]Δ [t/dmσd
 = 40 MeV]Δ [tΓ/dσd
 = 0.0006]Δ [sα/dσd

 = 0.1]Δ [
t

/dyσd
-1 for 10 fbstatσΔ

preliminary
based on CLIC/ILC Top Study
EPJ C73, 2530 (2013)

January 2018

Scan Range & Luminosity Spectrum

• The potential for an optimisation of the threshold scan range depends on the luminosity spectrum: 
A “sharper” the spectrum improves the “factorisation” of different effects on the threshold, resulting in 
larger improvement potential by focusing the integrated luminosity in selected regions 

�21

Some general considerations

The extremes  
for illustration:  
FCCee vs CLIC Nominal
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FCCee CLIC 
nominal
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MASS & WIDTH: OPTIMIZED 8 POINT SCAN

74Frank Simon (fsimon@mpp.mpg.de)Top Threshold: Experimental Aspects - Top@LC, June 2018
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Mass & Width

�14

For the compressed 8 point scan

• Mass only: 10.3 MeV (stat), -28.9 MeV (αs [10-3]), 43.7 MeV (theo)

• 2D Mass & Width fit

For comparison: default 10 point scan:

12.2 MeV (stat), 40.3 MeV (theo), 28.4 MeV (αs) 
2D mass: +30 MeV, - 25 MeV; 43 MeV (theo)

2D width: +80 MeV, -55 MeV; 39 MeV (theo)
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preliminary
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input value
 ILC defaultσ1 
 ILC 8 pointσ1 

Extension of 1σ contour: 
mass: +20.7 MeV, -24.3 MeV

width: +50 MeV, -55 MeV
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MASS & YUKAWA FOR OPTIMIZED 8 POINT SCAN

75Frank Simon (fsimon@mpp.mpg.de)Top Threshold: Experimental Aspects - Top@LC, June 2018
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Mass & Yukawa Coupling

�15

For the compressed 8 point scan

• Mass only: 10.3 MeV (stat), -28.9 MeV (αs [10-3]), 43.7 MeV (theo)

• 2D Mass & Width fit

Extension of 1σ contour:  
mass: +35.0 MeV, -35.0 MeV

yt: +0.120, -0.140

For comparison: default 10 point scan:

12.2 MeV (stat), 40.3 MeV (theo), 28.4 MeV (αs) 
2D mass: +34 MeV, - 31 MeV; 42 MeV (theo)

2D yt: 0.128, -0.112; 0.132 (theo)
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GLOBAL VIEW OF UNCERTAINTIES ON TOP MASS

76
GGI JH workshop, Florence, October 2018 marcel.vos@ific.uv.es60

A multi-parameter fit can extract the PS mass with excellent precision
 

     

    

This threshold mass can be converted to the MS scheme with ~10 MeV precision 

   Marquard et al., PRL114, arXiv:1502.01030

A very competitive top quark mass measurement: 

m
t
 ~ 50 MeV     ( = 3 x 10-4 , cf. m

 b 
 ~1% )

(nearly) independently of machine design and parameters. 

Note: this is a prospect, not a target! 

Statistical uncertainty: ~20 MeV 100 fb-1

Scale uncertainty: ~40 MeV N3LO QCD, arXiv:1506.06864

Parametric uncertainty: ~30 MeV a
s
 world average, arXiv:1604.08122

Experimental systematics: 25-50 MeV including LS, arXiv:1309.0372

Top quark mass from e+e- threshold scan

Exp. Syst for CC: beam energy and spread give: Δm/m~3MeV

Important: if αs precision improves with the Z pole and WW threshold runs:      
Δαs < 0.0002 then Δm/m ~5MeV 

Improved αs drastically improves correlations mt, Γt and Yt

Nearly machine independent
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TOP MASS FROM DIRECT RECONSTRUCTION (ABOVE THRESHOLD) 

➤ Event selection of l+jets and all-
hadronic tt events


➤ BDT to select from background  and 
event classification


➤ Reconstruction of jets with the VLC 
algorithm requiring 4 or 6 jets in the 
final state

77

Top-quark mass

Direct measurement

From reconstruction of hadronic
top-quark decays

0 50 100 150 200 250
  [GeV] tm

0

5000

10000Ev
en

ts

All events
4-f + qq

CLICdp 

Statistical precision ⇠ 30MeV

Needs excellent control of JES

Large theoretical uncertainties

Radiative events

e
+
e
� ! t t̄ + �

ISR

From tt̄ invariant mass distribution

Statistical precision ⇠ 100 MeV

Total uncertainty of about 140 MeV

A.F.Żarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 8 / 20
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Semi-leptonic BDT response
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Figure 14: Response distributions for BDT classifiers trained to recognise hadronic top-quark pair
events (left) and semi-leptonic top-quark pair events (right). Distributions for different samples of
tt events and other SM backgrounds are compared for 1.0ab�1 at 380 GeV CLIC.

fixed mass in the c2 formula, is about 30 MeV.

With high statistical precision of the measurement, systematic effects become the dominant source
of the uncertainty. In particular, to match the expected level of statistical precision, the absolute
jet energy scale should be controlled at the level of 0.02%. Preliminary studies suggest that this
level of precision could be achieved by including a short calibration run at the Z-pole at the start
of each year. A more detailed analysis is required to give a quantitative estimate of the expected
jet energy scale resolution. An additional theoretical uncertainty of at least a few hundred MeV is
also expected when converting the extracted mass value to a particular renormalisation scheme.

Systematic effects resulting from the uncertainty of the jet energy scale can be significantly re-
duced by relating the reconstructed top-quark mass to the mass of the W boson. The statistical
uncertainty on the extracted ratio of the top-quark and W boson masses corresponds to a top-quark
mass uncertainty of about 30 MeV. The measurement is hardly sensitive to the absolute jet energy
scale. However, the energy scale of b-jets, relative to light-quark jets, should still be controlled to
about 0.05%, to match the statistical precision.

8 Kinematic properties of top-quark pair production

Top-quark production is precisely predicted in the SM but may receive substantial modifications
from new physics effects; for example, theories with extra dimensions [113] and compositeness
[114] can modify the couplings significantly. A deviation from the SM expectation of the forward-
backward asymmetry for b-quarks at the Z pole was observed by the experiments operating at the
electron-positron colliders SLC and LEP. This measurement is in tension with the SM prediction
at the level of 2.8s [115], and it is the most significant discrepancy of the electroweak precision
data fit. Since these measurements directly involve the third family of quarks, they reinforce the
importance of further precision studies of the top quark counterpart.

Precision studies of observables such as the tt production cross section, s tt , and the top-quark

– 31 –
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TOP MASS FROM DIRECT RECONSTRUCTION (ABOVE THRESHOLD) 

➤ Statistical uncertainty ~30MeV

➤ Systematic uncertainty from JES very important (<0.02%). Might need a run 

at Z pole for calibration

➤  Additional theory uncertainty in translation to a particular renormalization 

scheme of few 100 MeV (as at LHC)
78
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Figure 15: Distributions of the top-quark mass reconstructed from the hadronic top-quark decays
for hadronic (left) and semi-leptonic (right) events, for 1.0ab�1 at 380 GeV CLIC.

forward-backward asymmetry, AFB, provide a simple way to probe the operators presented in Ta-
ble 3 and thus constitute a powerful tool for discovery and a deeper understanding of the nature of
the electro-weak symmetry breaking. The differential tt cross section, as a function of polar angle
q ⇤ of the top quark in the tt centre-of-mass system (defined with respect to the electron beam), is
here described by

ds
d(cos(q ⇤))

= s1(1+ cos(q ⇤))2 +s2(1� cos(q ⇤))2 +s3(1� cos2(q ⇤)). (8.1)

At tree level the three terms can be related to the top-quark pair production cross sections for differ-
ent helicity combinations in the final state, s1,2,3. The coefficients in front of the helicity amplitudes
can be expressed using Equation 4.3 and Equation A.1 by taking into account the polarisation fac-
tors and summing over the different helicity states of the initial and final states. The forward and
backward cross sections, sF and sB, can be obtained by integrating the differential cross section
over the top-quark polar angle ranges, 0 < q ⇤ < p/2 and p/2 < q ⇤ < p , respectively. The total
production cross section, s tt , can be expressed as

s tt = sF +sB = (4/3)(2s1 +2s2 +s3), (8.2)

while the top-quark forward-backward asymmetry is defined as

AFB ⌘ sF �sB
sF +sB

=
1

s tt
2(s1 �s2). (8.3)

The latter is particularly important to probe and disentangle EFT operators that have a strong an-
gular dependence. Measurements with different beam polarisation, enriching the event samples in
either left-handed or right-handed top-quarks, allow the photon and Z-boson contributions [116] to
be disentangled, while data from two (or more) different centre-of-mass energies effectively con-
strain BSM operators whose effects grow with energy [117, 118]. Extracting s tt and AFB for the
full CLIC staging programme, thus allows all degrees of freedom in a global fit to be constrained,
as will be seen in Section 11.1.

– 32 –
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THE TOP YUKAWA COUPLING

➤ The coupling between the top and Higgs is an extremely interesting quantity. 

➤ The HL-LHC is expected to reach a precision of ~7-10%. Reaching the sub-% will 

be a job for FCC-hh!

➤ ee->ttH production needs at least √s>500 GeV 

➤ At the FCC-ee the λtop is accessible only indirectly: at threshold the virtual 

Higgs boson exchange that can give an effect up to 9% on the cross 
section

79

M. Vos, The future of top physics, 2-8-2018 marcel.vos@ific.uv.es47

ttH at lepton colliders

Requires at least 500 GeV
(550 GeV has 3x higher rate)

Complex multi-jet events: 
ttH, H → bb

0 leptons → 8 jets, 
1 lepton   → 6 jets

Z⇤/ g⇤

e�

e+

t

t

(a) e+e� ! tt

W�⇤
W+⇤

e�

e+

ne

t

t

ne

(b) e+e� ! ttnene

Z⇤/ g⇤

e�

e+

t

H

t

(c) e+e� ! ttH

Z⇤/ g⇤

e�

e+

t

Z0

t

(d) e+e� ! ttZ

n⇤
e

W+⇤

e�

e+

W�

b

t

(e) e+e� ! tbW� (tbW+)

Figure 4: Representative diagrams for top-quark production processes relevant at CLIC; (a) tt , (b)
ttnene , (c) ttH, (d) ttZ, (e) single-top. The blob in Figure 4b represents the complete amplitude of
the W+W� ! tt Feynman diagram, including potential new physics effects.

The cross sections and expected numbers of events for some of the processes discussed above are
summarised in Table 2.

4 Theoretical description of top-quark production and decay

This section reports on the theoretical tools and concepts that we employ to describe top-quark
physics within the SM and beyond. We start by summarising the status of SM calculations for
top-quark production at the threshold and in the continuum regions. The choice of top-quark mass
scheme plays a major role in the former. Next, we introduce the Effective Field Theory (EFT)
framework that we use to parametrise new physics effects in the top-quark electroweak interactions.
Its relation with the more canonical language of anomalous couplings is also discussed. Finally we
discuss possible new physics effects inducing flavour changing neutral current top-quark decays.

– 7 –
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DIRECT MEASUREMENT OF TOP YUKAWA (1)

80

Yukawa coupling

Threshold scan

Can be indirectly constrained from the threshold scan (9% contribution)
) 0(10%) statistical uncertainty on yt , dominated by systematic e↵ects

Direct measurement

From the measurement of the
ttH production cross section

Di�cult measurement:

very low statistics

large backgrounds

requires perfect detector
performance (6-8 jets, 4 b-tags)

e+e� ! ttH ! bbbbqqtnt

A.F.Żarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 11 / 20

Need √s>500 GeV (ILC, CLIC) 
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DIRECT MEASUREMENT OF TOP YUKAWA (2)

81

Yukawa coupling

Direct measurement

Fully-hadronic and semi-leptonic top-quark pair decays considered
Focus on dominant Higgs boson decay channel: H ! bb

Semi-leptonic event selection

BDT response
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Hadronic event selection

BDT response
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610 tth-6q-hbb
qqqq
qqqqvv
qqqqlv
qqqqll

Expected precision from combined measurement: �yt
yt

= 2.7%

) uncertainty of ⇠0.07 on sin2� describing CP violation in ttH coupling

A.F.Żarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 12 / 20

Analysis of  1.5 ab-1 at √s=1.4 TeV 

not considered further. The longitudinally-invariant kt algorithm with R = 1.0 is used to cluster
the particles of each event into a specific number of jets. Events classified as fully-hadronic are
clustered into eight jets. In semi-leptonic events, the lepton candidate is removed and the remaining
particles are clustered into six jets. The jets are then combined to form the W boson, top-quark, and
Higgs boson candidates. For example, in the case of the semi-leptonic channel, the jet assignment
with the minimum value of

c2 =
(mi j �mW)2

s2
W

+
(mi jk �mt)

2

s2
t

+
(mlm �mH)

2

s2
H

, (9.1)

gives the W boson, top-quark, and Higgs boson candidates, where mi j is the invariant mass of the
jet pair used to reconstruct the W candidate, mi jk is the invariant mass of the three jets used to
reconstruct the hadronically decaying top-quark candidate, and mlm is the invariant mass of the jet
pair used to reconstruct the Higgs boson candidate. The expected invariant mass resolutions sW,t,H
have been estimated from combinations of two or three reconstructed jets matched to the W boson,
top-quark, and Higgs boson decay products at hadron level. A similar construction is used for the
fully-hadronic channel with additional terms corresponding to the second hadronically decaying
top quark.

Multivariate BDT classifiers are used in the final step of the analysis to separate signal and back-
ground events. These are constructed individually for the semi-leptonic and fully-hadronic event
candidates. The classifiers were trained using variables related to flavour tagging and event kine-
matics, as well as variables derived following the pairing in Equation 9.1: the reconstructed Higgs
mass, the c2, and angular separations between the event constituents. For the semi-leptonic channel
we also include lepton variables, while the fully-hadronic channel considers additional jet variables.
Cuts on the BDT classifier outputs are chosen to maximise the signal significances, estimated as
S/

p
S+B, where S (B) represent the signal (background) sample.

The expected numbers of selected events for 1.5ab�1 at
p

s = 1.4TeV are listed in Table 13. The
ttH cross section can be measured with a precision of 11.1% in the semi-leptonic channel and
9.6% in the hadronic channel. The combined precision of the two channels is 7.3%. Note that all
ttH processes are considered as signal in the final calculations.

The benchmark analyses described here use LO Monte Carlo samples. The K-factor defined as the
ratio of the NLO to the LO cross section is 0.938 [132] including the effects of ISR and beam-
strahlung. Scaling the projected precision to the NLO cross section leads to an uncertainty of
7.5%.

When extracting the top Yukawa coupling value from the ttH cross section, a small contribution
from the Higgsstrahlung diagram, where the Higgs boson is radiated off the intermediate Z boson,
has to be taken into account [133]. The factor to translate the uncertainty of the ttH production
cross section into an uncertainty on the top Yukawa coupling was calculated including NLO QCD
corrections, ISR and beamstrahlung [132]:

Dyt

yt
= 0.503

Ds
s

.

– 50 –

Expected precision:    Δyt /yt = 3.8 % (1.5ab−1, s = 1.4TeV, nopol)

Δyt /yt = 2.7 % (2.5ab−1, s = 1.4TeV, pol)

Difficult analysis 
Using BDTs to separate 
signal and background
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TOP ELECTROWEAK COUPLINGS

82

Electroweak couplings

Top-quark pair production

Pair production provides direct access to
top electroweak couplings

Possible higher order corrections
) sensitive to “new physics” contribution

New physics e↵ects can be constrained through measurement of:

total cross-section

forward-backward asymmetry

helicity angle distribution in top decays

Additional constraints obtained by:

using electron beam polarisation

measurements at di↵erent
p
s (also using radiative events!)

A.F.Żarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 14 / 20

At linear colliders 
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ELECTROWEAK COUPLING OF THE TOP QUARK @CC

➤ Final state top quarks are produced 
with non-zero polarization (ttZ)


➤ the top polarization and the total rate 
depend on the ttZ/γ couplings


➤ the top polarization is maximally 
tranferred to its decay products 


➤ This affects the energy and angular 
distribution of these decay products


➤ ttZ, ttγ couplings can be enhanced in 
extra dimensions and (particularly) 
composite Higgs models

t → Wb

83

Study of the lepton energy 
and angular distribution as 
a function of √s in semi-
leptonic events 
tt̄ → ℓνbb̄qq̄

- Christian Schwanenberger -Top Quark Physics at FCC FCC Week 2018 �19

➞ expected precision of order 10-2 to 10-3

{

SM

Janot, JHEP 1504 
(2015) 182

FCC-ee

ttZ and ttγ Vertex and Dipole Moments
- -

 arXiv: 1503.01325
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Sensitivity to BSM models 
 i.e. for a Z’ in Composite 
Higgs model up to 4TeV 

COMPARISON AMONG COLLIDERS

84

Higher statistics at 
CC compensates the 
polarisation of a LC

LCWS18, Arlington, October 2018 marcel.vos@ific.uv.es27

Top EW couplings at lepton colliders

The best laboratory to test gtt and Ztt vertices

Prospects for HL-LHC/ILC500/CLIC380

arXiv:1307.8102, arXiv:1505.0620 

FCC-ee, arXiv:1503.01325, 1509.09056
ILC di-lepton, arXiv:1503.04247

- Christian Schwanenberger -Top Quark Physics at FCC FCC Week 2018 �19

➞ expected precision of order 10-2 to 10-3

{

SM

Janot, JHEP 1504 
(2015) 182

FCC-ee

ttZ and ttγ Vertex and Dipole Moments
- -



NEW PHYSICS  
DIRECT SEARCHES  
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(co

up
lin
g)
Direct	searches

energy

luminosity

Energy	frontier:
increase	√s to	explore	larger	M
Intensity	frontier:
increase	ℒ to	explore	smaller	g
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Indirect	searches

Precision	frontier:
use	ℒ and	exp +	th accuracy	to	study	EW	
observables	or	Higgs	BR,	probing	effects	
g2 mZ

2/M2	 or	g2 mh
2/M2	

HE	probe	frontier:	use	√s,	ℒ,	and	exp +th
accuracy	to	study	high-pT processes,	
probing	effects	g2 E2/M2

direct

indire
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(co

up
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Low-mass	intensity	frontier:
explore	window	at	low	M and	low	g

FIP	searches

direct

indire
ct

Tera-Z approach 
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Feebly coupled particles:

ALPS, DarkPhotons, HNL

Dark Matter via Z/H portal 

Direct Production of 

heavy new particles 

(SUSY, Composite Higgs,…)
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SUSY DIRECT SEARCHES  AT CLIC

90

➤ Direct observation of new particles 
coupling to 


➤ Precision measurement of new particle 
masses and couplings


➤ Sensitivity often extends up to the 
kinematic limit (e.g.  for pair 
production) 


➤ Very rare processes accessible due to 
low background (no QCD): especially 
EWK states! 


➤ Polarised electron beams and threshold 
scan might be useful to constrain and 
characterise the underlying theory 

γ*/Z/W

M ≤ s /2

08/12/2016 Philipp Roloff BSM physics at CLIC 2

Reminder: CLIC energy stages
CLIC would be implemented in several energy stages

Current baseline scenario:

• Stage 1: 380 + 350 GeV, 500 + 100 fb-1

Precision SM Higgs and top physics

• Stage 2: 1.5 TeV, 1.5 ab-1

Targeted at BSM physics,
rare Higgs processes and decays

• Stage 3: 3 TeV, 3 ab-1

Targeted at BSM physics, 
rare Higgs processes and decays

(each stage corresponds to 5 - 7 years incl. luminosity ramp-up)

→ The strategy can be adapted to possible LHC discoveries at 13 TeV!

380 GeV 1.5 TeV 3 TeV

arXiv:1608.07537
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Beam-beam background at IP: 
▪ Small beams => very high E-fields 

⬧ Beamstrahlung 

⬧ Pair-background 
⬧High occupancies 

⬧ γγ to hadrons 
⬧Energy deposits

detector

3 TeV

Simplified picture: 

Design issue (small cell sizes) 

Impacts on the physics 
Needs suppression in data 

detect

Going to higher energy 
comes with a price

High granularity

Luminosity Spectrum 
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CLIC BEAM-INDUCED BACKGROUND REJECTION
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Beam-induced background from γγ ➔ hadrons can be efficiently suppressed by applying pt 
cuts and timing cuts on individually reconstructed particles (particle flow objects)

1.2 TeV 100 GeV

1.2 TeV background in reconstruction window 
(>=10 ns) around main physics event

100 GeV background after 
tight cuts
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FUTURE PROSPECTS FOR SEARCHES - SUSY 

➤ Many variants to be considered (MSSM, NMSSM, gauge 
mediation, stealth…) 


➤ phenomenology depends on the model and sparticle mass hierarchy 

➤ Strong Production (gluino, 1st and 2nd generation squarks, top 

squarks: dominated by hadron colliders. 

➤ Lepton Colliders help in the case of compressed scenarios 
➤ Weak production (charginos, neutralinos, sleptons): 

complementarities among colliders (compressed scenarios)

➤ Lepton colliders help for the EWKino (softer final states) 
➤ R-Parity conserving SUSY considered here (i.e. R-parity prevents the 

decay of the lowest neutralino to SM particles, gives rise to missing 
energy in the final state) 

93
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Phenomenology 
´ Mass and hierarchy of the four neutralinos and the two charginos, as well as their production cross 

sections and decay modes, depend on the M1, M2, µ (bino, wino, higgsino) values and hierarchy

´ EWK phenomenology broadly driven by the LSP and Next-LSP nature

´ Examples of classifications (cf: arXiV: 1309.5966)   

14/5/19SUSY Experimental prospects, Monica D'Onofrio17 FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1"ν! for each lepton flavor.

9

Bino LSP 

Wino LSP

Higgsino LSP

• Scenario A:M1 < M2, |µ|

This is the usual canonical scenario, which is strongly motivated by the Bino-like (LSP) dark

matter [6] and by the grand unified theories with gaugino mass unification [21]. There are two

qualitatively different physics cases we would like to explore, namely

Case AI : M2 < |µ|, χ±
1 ,χ

0
2 are Wino− like; χ±

2 ,χ
0
3,4 are Higgino− like; (5)

Case AII : |µ| < M2, χ±
1 ,χ

0
2,3 are Higgino− like; χ±

2 ,χ
0
4 are Wino − like. (6)

For Case AI, the Winos are lighter than Higgsinos, and thus are the next to the LSP (denoted by

NLSPs), while for Case AII, it is the reverse and thus the Higgsino NLSPs. Without losing much

generality, for illustrative purposes in Sections II and III, we vary M2 while fixing |µ| = 1 TeV

for Case AI, and vary µ while fixing M2 = 1 TeV for Case AII, along with tan β = 10. We

will explore the characteristic differences for the observable signals in these two cases. Whenever

appropriate, we will also illustrate the features with different values of tanβ.

In Fig. 1, we present the physical masses of the lower lying neutralinos and charginos. The mass

spectrum, as well as decay branching fractions for neutralinos and charginos are calculated using

SUSY-HIT 1.3 [32]. Figures 1(a) and (b) are for Case AI versus the mass parametersM2 and for

Case AII versus µwithM1 = 100GeV. The LSP, χ0
1, is mostly Bino for both cases with mass close

toM1. The sub-leading mixing component in the LSP is at the order ofO(mZ/µ) for the Higgsino

component, and O(m2
Z/µ

2) for the Wino component. The Higgsino component in Case AII, on

the other hand, is less suppressed in particular at the smaller values of µ, as shown in Fig. 1(b).

For Case AI, χ±
1 and χ0

2 are mostly Winos, with mass aroundM2. The mass splitting between χ0
2

and χ±
1 is very small. In fact, the nearly degeneracy of these states calls for a new convention to

call them NLSPs altogether. The convenience will be seen more clearly later when discussing the

decays. For Case AII, both the light chargino χ±
1 and the second and the third neutralinos χ0

2,3 are

mostly Higgsinos, with mass around |µ|. The mass splittings between those Higgsino-like states

are small for µ larger than about 200 GeV. For small values of µ however, mass splittings as large

as 20−30 GeV could occur, as seen in Fig. 1(b). These differences in masses gets smaller as µ

increases, thus referred to as naturally compressed spectra [33]. In particular, this would lead to

unsuppressed decays of χ0
3 to χ0

2/χ
±
1 in the small µ case. Heavier states, χ

±
2 and χ0

4, become out

of reach.

To a large extent, the electroweakino phenomenology is governed by the NLSP decays. We

depict the NLSP decay patterns for all the six cases in Fig. 2, and their corresponding decay

7

enhanced since Br(χ0
2,3 → χ0

1h) : Br(χ
0
2,3 → χ0

1Z) ≈ (sβ ± cβ)2 : (sβ ∓ cβ)2.

Flipping the sign of µ also lead to the reversal of branching fractions into h and Z modes for

large tan β. However, since χ0
2 and χ0

3 are either pair produced at colliders as χ0
2χ

0
3 or they are

produced in associated with χ±
1 with similar cross sections at the LHC, changing the sign of µ has

little impact on the overall cross sections of the observed final states.

For small |µ±M1| ∼ mZ , the mass splittings between the Higgsino multiplets χ0
3 and χ0

2/χ
±
1

could reach 20 − 30 GeV. Although not shown in the figures, there are leading decay modes

between Higgsino states:

χ0
3 → χ±

1 W
∗, χ0

2Z
∗. (8)

Even with the phase space suppression comparing to the decay of χ0
3 directly down to χ0

1, the

branching fractions for χ0
3 → χ±

1 W
∗ could dominate over χ0

3 → χ0
1Z

∗ since the coupling χ0
3χ

±
1 W

is unsuppressed, while χ0
3χ

0
1Z suffers from Bino-Higgsino mixing. It should be noted, however,

that the decay products will be very soft due to the small mass difference, so that it renders the

experimental observation difficult at hadron colliders. At an ILC, however, the clean experimental

environment may allow the observation of those decay modes.

• Scenario B:M2 < M1, |µ|

This is the situation of Wino LSP, as often realized in anomaly mediated SUSY breaking sce-

narios [34]. The lightest states χ0
1 and χ

±
1 are nearly degenerate in mass close toM2. It thus makes

more sense to follow the newly introduced convention to call them all “LSPs”.4 In this scenario,

there are two possible mass relations we will explore

Case BI : M1 < |µ|, χ0
2 Bino− like; χ±

2 , χ
0
3,4 Higgsino− like; (9)

Case BII : |µ| < M1, χ±
2 , χ

0
2,3 Higgsino− like; χ0

4 Bino− like. (10)

In Figs. 1(c) and (d), we present the physical masses of the lower-lying neutralinos and

charginos with M2 = 100 GeV, for Case BI versus the mass parameters M1 while fixing µ = 1

TeV; and for Case BII versus µ while fixing M1 = 1 TeV. Similar to Scenario A, there is almost

no mixing in Wino- and Bino-like states for large µ as in Case AI. The Bino-like χ0
2 is NLSP, and

4 Note that in the usual convention, the neutral Wino χ0
1 is called the LSP and the charged Wino χ±

1
is called the

NLSP.

12

For χ±
2 , the dominant decay modes are

χ±
2 → χ0

1W,χ±
1 Z, χ

±
1 h. (13)

Under the limit of |µ±M2| " mZ , the ratios of the partial decay widths is roughly Γχ0
1
W : Γχ±

1 Z :

Γχ±
1 h ≈ 1 : 1 : 1, with small deviation caused by phase space effects. The tan β dependence is

very weak, especially for large µ. For µ = 500 GeV, the branching fractions of χ±
2 toW , Z and h

channels are roughly 35%, 35%, and 30%, respectively.

The decay channels for the second and the third neutralinos5 χ0
2,3 ≈ 1√

2
(H̃0

d ± H̃0
u), with+ sign

for χ0
2 and − sign for χ0

3, are

χ0
2,3 → χ±

1 W
∓,χ0

1Z, χ
0
1h. (14)

Under the limit of |µ ± M2| " mZ , the following simplified relation holds for the partial decay

widths (and decay branching fractions as well) of χ0
2,3:

Γχ+
1
W− = Γχ−

1
W+ ≈ Γχ0

1Z
+ Γχ0

1h
. (15)

For both χ0
2 and χ0

3, decay toW dominates since both χ+
1 W

− and χ−
1 W

+ contribute. χ0
2 is more

likely to decay to Z while χ0
3 is more likely to decay to h for µ > 0.

The tanβ dependence of the branching fractions into Z and h channels is similar to that of

Case BII. Br(χ0
2 → χ0

1Z(h)) varies between 30% − 24% (3% − 9%) for tan β between 3 − 50,

and similarly for χ0
3 decay with the branching fraction for the Z and hmodes switched. Br(χ0

2,3 →

χ±W∓), however, is almost independent of tan β. For µ = 500 GeV, the branching fraction of

χ0
2(χ

0
3) is 67% (68%), 26% (8%), and 7% (24%) for W, Z and h channels, respectively. In the

limit of large tanβ and very heavy Higgsino mass, Br(χ0
2,3 → χ±

1 W
∓) ≈ 4Br(χ0

2,3 → χ0
1h) ≈

4Br(χ0
2,3 → χ0

1Z) ≈ 68%. Flipping the sign of µ has similar effects on the χ0
2,3 decay branching

fractions as in Case AII for the Z and h modes, while affects little of theW mode.

• Scenario C: |µ| < M1, M2

This is the situation of Higgsino LSP [5], with the lightest states χ0
1,2 and χ

±
1 being Higgsino-

like. The two possible mass relations here are

Case CI : M1 < M2, χ0
3 Bino− like; χ±

2 , χ
0
4 Wino− like; (16)

Case CII : M2 < M1, χ±
2 , χ

0
3 Wino − like; χ0

4 Bino− like. (17)

5 Note that the composition of χ0
2,3 in Case BII is opposite to that of χ0

2,3 in Case AII.

15

Used as benchmarks:
• Bino LSP, wino-bino cross sections 

(1) Mass(c±
1) = Mass (c0

2) 
(2) c+

1c-1 and c±
1c0

2 processes

• Higgsino-LSP, higgsino-like cross sections
(1) Small mass splitting c0

1 , c±
1,  c0

2

(2) Consider triplets for cross sections
(3) Role of high-multiplicity neutralinos and 

charginos also relevant 

sW(c±
1c0

2)~2 sW(c+
1c-1) 

sH(c±
1c0

2 +c+
1c-1 +c±

1c0
1 ) 

< 0.7 sW(c±
1c0

2) 
[depending on collider type and masses!]

SUSY - CHARGINO & NEUTRALINO PHENOMENOLOGY 

➤ For lepton colliders the dominant processes are 
.


➤ The large mass difference bewteen the LSP and the NSLP 
allows to exploit multi-leptons final states. 


➤ Often leptons are low-pt. Compressed spectra can be exploited 
at hadron colliders with the use of leptons recoiling against an 
ISR jet. 


➤ Lepton colliders are competitive in these cases: sensitive to 
 as low as 1 GeV  

e+e− → χ̃±
1 χ̃±

1 , χ̃0
2 χ̃0

1

Δm ≈ Δm( χ̃±
1 , χ̃0

1)
94
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Wino-like cross sectionsLHC 36/fb, 13 TeV
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HE-LHC compressed 15/ab (projection)
ILC500 0.5/ab
CLIC 1.5 TeV
CLIC 3 TeV
FCC-hh (3L search, 3/ab)

Wino-like cross section: c±
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Fig. 21: 2� exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb�1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM2 > 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M2 terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result

38

FCC-hh Contour of 
the 3-lepton search

CLIC: Assume reach for c+
1c-1 

and c±
1c0

2. CLIC 1.5 TeV
reach / 2 up to DM~5 GeV   

ILC500: as per documentation
HE-LHC à projections with ColliderTool Reach 
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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2) production
with decays via W/Z bosons, assuming 15% uncertainty on the modelling of the SM backgrounds.
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Fig. 2.2.5: Distributions of the BDT responses in the three signal regions for the events that pass the preselection
and are within mbb mass window of [105, 135] GeV. The contributions from all SM background are shown as
stacked, and the expected distribution from the benchmark signal models are overlaid.

processes. The largest systematic uncertainties arise from the theoretical modelling of the irreducible
backgrounds of tt̄ and single top, mainly from the generator difference, renormalisation and factorisation
scale variations and the interference between the tt̄ and single top background. The total theoretical
uncertainty is estimated to be about 7%. Experimental uncertainties are dominated by the jet energy scale
(JES) and jet energy resolution (JER), on the order of 6%. Figure 2.2.6 shows the expected 95% C.L.
exclusion and 5� discovery contours for the simplified models described earlier. In this model, masses
of �̃±

1 /�̃0
2 up to about 1280 GeV are excluded at 95% C.L. for a massless �̃0

1. The discovery potential at
5� can be extended up to 1080 GeV for a massless �̃0

1.

2.2.4 Chargino-Neutralino searches with same-charge dilepton final states at HL-LHC
Contributors: G. Zevi Della Porta, A. Canepa, CMS

This section presents a search from CMS for the pair production of e�±
2 , e�0

4 in the final states with
two same charge leptons, large Emiss

T and modest jet activity. The search is motivated by radiatively-
driven natural supersymmetry (RNS) models, such as those presented in Section 2.4.2. In these models,
the mass spectra of the supersymmetric partners of the gauge and Higgs bosons are characterised by
low-mass higgsino-like e�0

1, e�0
2, e�±

1 , and heavier bino-like e�0
3 along with mass-degenerate wino-like e�±

2 ,
e�0

4. Two complementary analyses are designed to probe the wino and higgsino sectors of this model.
The final states resulting from higgsino production, discussed in Section 2.2.5.1, are characterised by
very low pT SM particles, due to the small mass difference between the low mass states and the e�0

1. The
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SUSY Experimental prospects, Monica D'Onofrio23

Reference and details in back-up
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Chargino and neutralino pair production

82 %

17 %

• separation using di-jet  
invariant masses (test of PFA)

use slepton study result

result:   Δm/m ≤ 1%

LCD-Note-2011-037

https://cds.cern.ch/record/1443499?ln=en
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CLIC DISAPPEARING TRACK ANALYSIS 
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CLIC: disappearing track analysis 
´ Number of expected events

´ Charged stub + photon analysis  

14/5/19SUSY Experimental prospects, Monica D'Onofrio67

The probability that a single �± of three-momentum ~p� travels a distance dmin or greater in the
detector is simply the survival probability

Ps(dmin) = e�m�dmin��/|~p�| , (223)

where �� is given in Eq. (221). From this we can compute the number of events N1�stub
evts with at least

one identifiable charged stub, or the number of events N2�stub
evts with exactly two identifiable charged

stubs, at a given centre-of-mass energy
p

s and integrated luminosity Lint by integrating the differential
cross section against the appropriate combination of survival probabilities over all polar angles:

N1�stub
evts = Lint ⇥

Z 1

�1

d�(e+e�
! �+��)

d cos ✓
[2Ps(dmin) � Ps(dmin)

2] d cos ✓ , (224)

N2�stub
evts = Lint ⇥

Z 1

�1

d�(e+e�
! �+��)

d cos ✓
Ps(dmin)

2 d cos ✓ . (225)

This treatment does not account for possible additional efficiency factors associated with the identifica-
tion of charged stubs beyond the requirement that the stub traverse 4 tracker layers before disappearing.
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Figure 72: Number of expected signal events at
p

s = 380 GeV, 1.5 TeV, and 3 TeV for the � 1 charged
stub selection (left) and = 2 charged stub selection (right) as a function of the charged higgsino mass
m�.

We validate our analytic treatment by simulating the process e+e�
! �+�� at leading order at

centre-of-mass energies
p

s = 0.380, 1.5, 3.0 TeV using MadGraph 5. We simulate 50,000 events at
each of m� = 100�180 GeV in 10 GeV intervals at

p
s = 380 GeV, m� = 100�800 GeV in 100 GeV

intervals at
p

s = 1.5 TeV, and m� = 100 � 1600 GeV in 100 GeV intervals at
p

s = 3 TeV. Each �± is
then decayed by drawing randomly from the appropriate distribution of lifetimes given by Eq. (221), and
counted as a charged stub if it travels a distance greater than the corresponding dmin before decaying.
The number of events with at least one charged stub, or with exactly two charged stubs, is then compared
to the analytic expectation. We find excellent agreement between the analytic result and Monte Carlo
simulation.

The results of the charged stub-only analysis are shown in Figure 72 for each of the three CLIC
operating configurations.

5.2.2 Charged stub + photon analysis
Depending on the results of complete background characterization, background reduction may require
the imposition of additional cuts beyond the appearance of charged stubs. One possible strategy is to
require sufficiently hard initial state radiation (ISR) in conjunction with one or more charged stubs. To
characterize the impact of possible cuts on the energy of a hard ISR photon, we extend the above analysis

152

Pure higgsino case

Figure 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

Figure 75: Contours in the place lifetime-mass for N=3 (solid) and N=30 (dashed) higgsino events in the
acceptance defined by Eq. (222) at the three stages of CLIC: 380 GeV 0.5 ab�1 (blue), 1.5 TeV 1.5 ab�1

(yellow), and 3.0 TeV 3 ab�1 (green).

5.3.1 Minimal (milli-charged) dark matter
The idea behind Minimal Dark Matter (MDM) [526] is to introduce a single EW multiplet � which is
accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.67 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [528] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

67Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [527] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.
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Figure 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

Figure 75: Contours in the place lifetime-mass for N=3 (solid) and N=30 (dashed) higgsino events in the
acceptance defined by Eq. (222) at the three stages of CLIC: 380 GeV 0.5 ab�1 (blue), 1.5 TeV 1.5 ab�1

(yellow), and 3.0 TeV 3 ab�1 (green).

5.3.1 Minimal (milli-charged) dark matter
The idea behind Minimal Dark Matter (MDM) [526] is to introduce a single EW multiplet � which is
accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.67 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [528] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

67Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [527] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.
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In order to be counted as a charged stub, the χ± must traverse 
at least 4 layers of the CLIC tracker before decaying. 

• Process: chargino pair production  
•  Stub tracks from charged Higgsino with a  

lifetime of 6.9 mm  
• Decay to pion and neutralino  

Analysis strategy
Stub track analysis at 3 TeV with CLICdet

Signal selection
I Stub track candidate definition:

I at least four hits in the tracking system
I disappearing within the tracking system volume
I no energy deposition in the calorimeter
I prompt, isolated track
I minimum transverse momentum
I dE/dx requirement

I At least one stub candidate per event
I Additional: Requirements on soft displaced pion(s)
I Additional: Requirements on additional photons

Backgrounds:
I Beam-induced ““ æ hadrons:

I algorithmic
I split tracks
I conversion

I final states with low multiplicity
of isolated leptons

Ulrike Schnoor (CERN) Long-lived particles at CLIC - LCWS 2019 5 / 12

Require an extra  
ISR photon
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8.5. DARK MATTER 131
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

Terminology applied to Dark Matter analysis taken from SUSY, but these can 
be considered standalone models 

From the ESPPU Briefing Book
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Discovery reach in EWK sector 
´ HL-LHC analyses now target also compressed scenarios with soft-lepton + ISR 

analyses and/or monojet 
´ Good prospects, but discovery potential is limited (~ 200 GeV for higgsino-like models)

´ ILC500 (à CLIC 1.5 TeV, 3 TeV) might allow discovery in case deviations are 
observed at HL-LHC 
´ Characterization of the EWK sector possible at e+e- for sparticles with masses below ~ sqrt(s)/2 

´ FCC-hh has certainly a high potential for EWK particles (with mass up to 3-4 TeV) 

´ Together with CLIC 3 TeV, FCC-hh could go beyond ~ 1 TeV for higgsino scenarios 

´ Potential of monojet searches at pp colliders might be further exploited to 
evaluate exclusion reach. However:    
´ What if a deviation in monojet final states is observed at the HL-LHC? à multiple 

interpretations are possible à additional EWK processes (i.e. from heavier 
charginos/neutralinos) must be searched for (see some examples in back-up for e+e- and pp).  

14/5/19SUSY Experimental prospects, Monica D'Onofrio29
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14/05/2019 Philipp Roloff    Extended Higgs & high-energy flavour 6

Standard Model + real scalar singlet

Potential for SM Higgs and a single real scalar

Higgs-singlet mixing:
h = h

0
 cosγ + S sinγ

ɸ = S cosγ - h
0
 sinγ

Sensitivity from Higgs couplings:
c

H
 is overall scaling of the Higgs couplings

(using sensitivity for this individual operator)

Sensitivity from EW precision observables:
S and T parameters derived from from c

ɸWB
 and c

T

(simultaneous fit of both operators)

Equivalence theorem:
BR(ɸ→hh) = BR(ɸ→ZZ) = 25%

V
0
=−μ2|H|2+λ|H|4−

1

2
μ S

2
S
2+
1

4
λ S S

4+λ HS|H|2S2

Facility 95% C.L. lumit on sin2γ

HL-LHC 0.034

LHeC 0.013

HE-LHC 0.018

ILC 250 GeV 0.0073

ILC 500 GeV 0.0050

CLIC 380 GeV 0.0093

CLIC 1.5 TeV 0.0048

CLIC 3 TeV 0.0033

CEPC 0.0046

FCC-ee 240 GeV 0.0053

FCC-ee 0.0046

FCC-ee/-eh/-hh 0.0034

126 CHAPTER 8. BEYOND THE STANDARD MODEL

2 4 6 8 10 12
 [TeV]Sm

4-10

3-10

2-10

1-10

g2
95

%
 C

.L
. l

im
it 

on
 s

in

Higgs couplings:
HL-LHC
HE-LHC
LHeC

500ILC
FCC-ee or CEPC

1000ILC
FCC-ee/eh/hh

3000CLIC

Direct:
HL-LHC
HE-LHC
FCC-hh

Direct:
1500CLIC
3000CLIC

-1, 6 TeV, 5 abµµ
-1, 14 TeV, 20 abµµ

50 100 150 200 250 300 350
 [GeV]Sm

0

0.5

1

1.5

2

2.5H
S

l
95

%
 C

.L
. l

im
it 

on
 

Higgs couplings:
HL-LHC
HE-LHC
LHeC

500ILC
FCC-ee or CEPC

1000ILC
FCC-ee/eh/hh

3000CLIC

Direct:
HL-LHC
FCC-hh Two-step phase transition

Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [462].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to

p
s/2 independent of tanb , mainly

14/05/2019 Philipp Roloff    Extended Higgs & high-energy flavour 6

Standard Model + real scalar singlet

Potential for SM Higgs and a single real scalar

Higgs-singlet mixing:
h = h

0
 cosγ + S sinγ

ɸ = S cosγ - h
0
 sinγ

Sensitivity from Higgs couplings:
c

H
 is overall scaling of the Higgs couplings

(using sensitivity for this individual operator)

Sensitivity from EW precision observables:
S and T parameters derived from from c

ɸWB
 and c

T

(simultaneous fit of both operators)

Equivalence theorem:
BR(ɸ→hh) = BR(ɸ→ZZ) = 25%
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Facility 95% C.L. lumit on sin2γ

HL-LHC 0.034
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ILC 500 GeV 0.0050

CLIC 380 GeV 0.0093
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CLIC 3 TeV 0.0033
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14/05/2019 Philipp Roloff    Extended Higgs & high-energy flavour 14

Scalar searches using recoil method

arXiv:1903.01629

• A lepton collider could search for new scalars with 
a small (but non-vanishing) coupling to the Z boson 
using the recoil technique:

→ independent of new scalar decay

• Studied for ILC at 250 and 500 GeV, but also possible 
at CEPC, FCC-ee and 380 GeV CLIC

• Less powerful at high energy
(lower cross section, detector resolution, 
ISR & linear collider luminosity spectra) 

sin2(θ): cross section limit normalised to the 
cross section for a SM Higgs of the same mass

Mrecoil

2 =(√s−EZ )
2

−|⃗pZ|
2

S0

Can always be searched 
using the recoil technique
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EXO SEARCHES - THE UNIVERSAL Z’ MODEL

➤ Model consists of a neutral gauge boson Z’ with mass M and charges to the SM particles equal to 
the hypercharge. 


➤ The coupling gZ’ is a free parameter. 

➤ Model chosen by the EPSSU for comparison of future colliders as couplings to quarks and leptons 

are similar (also bc connected to one EFT operator that is available for all colliders) 
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
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pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [442, 443], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

95% excl

Straight lines: indirect limits,  
better at higher g.  
Better with higher energy machines 

Curved contour: direct limit

• Strongly coupled new 
physics is better probed 
indirectly
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➤ Higgs as a bound state of a new strongly-interacting confining Composite 
Sector. Parameters: mass scale m* (compositness scale) and coupling g*


➤ Note:  (« size » of the composite Higgs) ℓH = 1/m*
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [449])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

95% exclusion limits

Adding “direct” contours
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8.6. FEEBLY-INTERACTING PARTICLES 133

have not been detected because they interact too feebly with SM particles. These particles
would belong to an entirely new sector, the so-called hidden or dark sector. While masses and
interactions of particles in the dark sector are largely unknown, the mass range between the
MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,
and is the subject of this section.

An important motivation for new physics in this mass range is DM (see Chapter 9), which
could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-
mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe
and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-
dance [490–495]. These mediators, which must be singlets under the SM gauge symmetry, can
lead to couplings of feebly-interacting particles to the SM through portal operators.

8.6.1 The formalism of portals
Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-
invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely
the scheme used in the Physics Beyond Colliders study [360], four types of portal are consid-
ered:

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;
and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three
cases are the only possible renormalisable portal interactions. While many new operators can
be written at the non-renormalisable level, a particularly important example is provided by the
axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.

8.6.2 Experimental sensitivities
The portal framework is used to define some benchmark cases, for which sensitivities of dif-
ferent experimental proposals are evaluated and compared with each other. Unless otherwise
stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-
ature has been using this standard.
Vector portal
New light vector particles mixed with the photon are not uncommon in BSM models containing
hidden sectors, possibly related to the DM problem. The parameters describing this class of
models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary
photon; aD = g2

D/4p is the coupling strength of the dark photon with DM; and mA0 and mc
are the dark photon and DM particle mass, respectively. The study of experimental sensitivities
at future colliders is performed in the plane of e versus mA0 , assuming aD to be negligible
with respect to e . It is important to note that only minimal Dark Photon models have been
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Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [442]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [496], A1 [497] and BaBar [498] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [499] and E137 [500, 501] at
SLAC, E774 at Fermilab [502], CHARM [503] and NuCal [504].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [430], NA62 in dump mode [505]), and by FASER at the ATLAS interaction
point [506] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [507] and Belle-II [339]. Future collider experiments (HL-LHC [488], CEPC [508],
FCC-ee [509], FCC-eh [510], FCC-hh [488], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear

Also LC can be used as "beam dump” 
experiment for these types of searches 

Dilepton resonances
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8.6. FEEBLY-INTERACTING PARTICLES 135

H†H operator of the SM. The minimal scalar portal model operates with one extra singlet field
S and two types of couplings, µ (or sinq ) and lHS [352]. The coupling constant lHS leads to
pair-production of S but cannot induce its decay, which requires a non-vanishing sinq . This
portal has several theoretical motivations. The new scalar can generate the baryon asymmetry
of the Universe [511] and play the role of mediator between SM particles and light DM in
case of secluded annihilations (cc ! ff , where c is the light DM particle and f the light
scalar mediator) [512]. It can also address the Higgs fine-tuning problem (via the relaxion
mechanism [513]), which generically leads to relaxion-Higgs mixing [514] and provides an
alternative baryogenesis mechanism [515] and a DM candidate [516, 517].

The experimental sensitivities are shown in Fig. 8.17. Shaded grey areas are already ex-
cluded, as detailed in Ref. [360]. The low-mass (< 10 GeV, see Chapter 9), low-coupling range
is optimally covered by SHiP at the Beam Dump Facility and MATHUSLA200. FASER2, with
3 ab�1 will explore the region above few GeV compatible with that of CODEX-b. MATH-
USLA200 has a unique reach in the high-mass and very low-coupling regime. Vertical lines
correspond to the bounds on the Higgs/dark-Higgs quartic coupling lHS and on m2

S/v2 from the
projections for the untagged-Higgs at future colliders [39] (see discussion in [518]). The mass
range above a few GeV can be explored also by CLIC and LHeC/FCC-eh using the displaced-
vertex technique. The large-coupling regime is covered by e+e� colliders using the recoil
technique (e+e� ! ZS) or running at the Z-pole, via the process e+e� ! Z ! S`+`�.

Fig. 8.17: Exclusion limits for a Dark Scalar mixing with the Higgs boson. LHeC, FCC-eh,
CLIC (all stages) curves and the vertical lines correspond to 95% CL exclusion limits, while all
others to 90% CL exclusion limits. See text for details.

In the limit of small mixing angle, one can bound the Higgs/dark-Higgs quartic coupling lHS
via the Higgs invisible width, which is naturally expected to satisfy the relation lHS . m2

S/v2.
In Table 8.3 projections for the constraints on lHS and the scalar mass for various future collider
options are provided.

Displaced vertex+ 

Recoil method 
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Axion Like Particles

Associated production

Andrea Thamm

• ALP associated production with a H
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Cross-section ~ 1/s

• ALP decay into photons

Associated production
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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• ALP decay into leptons

Material from A. Thamm

Filippo Sala (DESY Hamburg)                         “10-100 GeV ALPs”                           2nd FCC Workshop 14

FCC-ee with no gluon coupling

↵1 = 5
3↵y

Lint =
a

4⇡fa

h
↵sc3GG̃+ ↵2c2WW̃ + ↵1c1BB̃

i

Liu Wang Wang Xue 1712.07237 To compare with previous slides:

FCC ee could reach fa . 100 TeV

FCC hh VBF ?

Associated production ?

⇤aBB =
⇡

c1 ↵1
fa ' 20 fa

10

c1

???

Photon fusion ?

BR[Z ! �a(��)] . 3⇥ 10�9For Tera Z 
[current LEP limit                      ]. 5⇥ 10�6

19

UV theories, such as string theory [30, 32, 34], and Supersymmetry [26–28]. It can be a portal
connecting dark matter with the standard model sector [31], and ultralight ALP is dark matter
candidate by coherent oscillating in the universe [115–117]. Recently the dynamics of ALP in the
universe has also been proposed to solve the Higgs hierarchy problem [118]. For our Z-factory
study, we are focusing on the mass range of ALP from 0.1 GeV to Z boson mass. Although we
focus on the case of ALP, our analysis and results in this section can be applied to scalar easily.

e�

e+

Z
a

�

�

�

Figure 7. The Feynman diagram for the exotic Z decay Z ! a� ! (��)�. The final state is 3� and in case
ma is too small to separate the two photons, the final state is 2�.

Figure 8. The limit on ⇤aBB, ALP coupling to hypercharge field, from future Z-factory. The limits from
LEP I [119] �� search, LEP II (OPAL) 2� and 3� searches [120], , LEP (L3) 3� searche at Z pole [67],
ATLAS 3� and Z ! 3� [121, 122] search are translated to limits on ⇤aBB following [123]. There are three
type of signals Z ! 2�, 3� and /E�, depending on ma. In /E� final state where a decay outside the detector,
we have set the detector length to be 6 meter and LEP limits on this final state from L3 collaboration [64]
has been plotted.

20

ALPs can have interactions with standard model particles fermions, gauge fields, Higgs obeying
the (discrete-)shift symmetry. Here, we focus on the ALP coupling to the U(1)Y gauge field Bµ

4,

LALP =
1

4⇤aBB

aBµ⌫B̃
µ⌫ , (36)

This interaction gives the decay rate of the ALP as

�(a ! ��) =
1

64⇡

1

⇤2
aBB

cos ✓4wm
3
a , (37)

and the rate of the Z decay,

�(Z ! �a) =
1

96⇡

1

⇤2
aBB

cos ✓2w sin ✓2wm
3
Z

✓
1 �

m2
a

m2
Z

◆3

. (38)

Depending on the a ! �� decay length, the analyses are performed in the two separate regimes:
one is ALP decaying inside the detector, and the other is decaying outside the detector. For decay
inside the detector, we focus on the prompt search, and leave the interesting case of displaced vertex
to future work. For decay outside the detector, the signal is mono-photon +/E. The transverse
radius of the detector radius is taken to be 6 meters. The decay length of the ALP is computed
according to the boost �a of the ALP, D ⌘ �ac⌧a, where the �a = Ea/ma is the boost and ⌧a = 1/�a

is the lifetime of a. Since the initial state is Z boson at rest and the final state is a�, the energy Ea

is fixed by ma. D = 6 m is plotted in fig. 8 as a dotted black line. Below it, the ALP has a decay
length D smaller than 6 m. However, it can still decay outside the detector with a probability of
1 � e�D/(6 m). We account for this probability to rescale the signal events in the detector, which
leads to sensitivity below the line. In the prompt decay region, for the high mass axion, the boost
of axion is small, the dominant channel to search for ALPs is 3�. When the mass of the ALP is
below O(1) GeV, the boost of axion makes the two photons from axion decay close to enough, and
cannot be resolved. The 2� search channel is more relevant.

The current constraints for this operator are given by LEP and LHC photon searches. In fig. 8,
the LEP I [119] uses inclusive di-photon search e+e� ! 2� + X covering the small mass region.
In the higher mass region, the boost of the axion decreases and 3� channel is considered. The
LEP II (OPAL) have 2� and 3� data [120], which are employed to put the bounds on the process,
e+e� ! �/Z?

! a� ! 2� + �. The L3 collaboration has searched the process Z ! a� ! (��)�
at Z pole, with limit on BR of order 10�5 [67]. ATLAS 3� and Z ! 3� [121, 122] search can be
translated to the ALP bound as derived in [123].

For /E + � search, the strongest bound from LEP comes from L3 collaboration with 137 pb�1

data at the Z pole [64] as discussed in section III.3. It can limit the BR of exotic decay Z ! � /E
down to 1.1⇥10�6 if photon energy is greater than ⇠ 30 GeV. It directly excludes ⇤aBB < 4.3⇥104

for Z ! /E + � decay, and we label it as “L3 (/E�)” in fig. 8.

In the Z-decay search, the ALP will give topologies Z ! /E + � and Z ! 3�, 2�, depending on
the life-time and boost of the ALP. Z-factory limits on the ALP are given in fig. 8, which is about
two order of magnitude better than the current constraints from LEP and LHC.

4
The coupling to fermions are neglected here for simplicity. The ALP coupling to fermion is cfmf/⇤ where cf
coe�cient is model dependent. a ! �� is the dominant decay channel for very light ALP, and the decays to

fermions are suppressed by m2
f/m

2
a when ALP is significantly heavier than fermion. If the fermion coupling comes

through the gauge field loops, this will get further suppression via the loop e↵ects.
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Figure 6: Projected sensitivity regions for searches for e+e� ! �a ! 3� (left) and e+e� ! Za !

Zvis�� (right) at future e+e� colliders for Br(a ! ��) = 1. The constraints from Figure 4 are shown

in the background.

We show the projections for the various versions of the CLIC collider and the FCC-ee in
Figure 6, assuming CWW = 0 which implies C�Z = �s2wC��. The parameter space corresponds
to at least 4 expected signal events with the ALP decaying before it has reached the electro-
magnetic calorimeter (ECAL) which is assumed to be within a radius of ⇠ 1.5m of the beam
axis. We consider only visible decays of the Z boson with Br(Z ! visible) = 0.80. We also
impose the constraint |Ce↵

�Z | < 1.48⇤/TeV from the LEP measurement of the total width of
the Z boson.

The contours for the FCC-ee in Figure 6 combine the luminosities for the run at the Z-pole
(in case of e+e� ! �a), at

p
s = 2mW and at

p
s = 250GeV, whereas for CLIC we show

separate limits for three di↵erent versions of this collider. Note that the large luminosity of
the FCC-ee run at the Z pole leads to a significantly larger sensitivity in the e+e� ! �a
channel compared to the e+e� ! Za projection. Further, CLIC1500 and CLIC3000 allow to
probe considerably higher ALP masses compared to both CLIC380 and the FCC-ee. In this
and the following figures, the relevant ALP branching ratio into the observed final state is set
to a 100%. As we have shown in [25], the left boundary of the sensitivity region is largely
independent of this assumption. For branching ratios smaller than Br(a ! ��) = 1, the

reach in Ce↵
�� however is reduced by a factor

⇥
Br(a ! ��)

⇤1/2
. This follows from the cross

sections (16) and (17), which imply the scaling �(e+e� ! �a ! 3�) ⇠ |Ce↵
��|

2 Br(a ! ��) and
�(e+e� ! Za ! Z��) ⇠ |Ce↵

��|
2 Br(a ! ��), respectively.5

ALPs can also be produced in association with a Higgs boson. The rate for the process
e+e� ! ha depends on the Wilson coe�cient Ce↵

Zh in (5). The constraint �(h ! BSM) <
2.1MeV on the partial Higgs decay width into non-SM final states implies the upper bound
|Ce↵

Zh| < 0.72⇤/TeV [58]. Assuming that the Higgs boson is reconstructed in the bb̄ final states

5
Here we have again used that C�Z = �s2

wC�� .

14

e+

e�

Z

�, Z

a e�

e+

�

�, Z

a

e+

e�

Z

h

a

Figure 1: Tree-level Feynman diagrams for the processes e+e� ! Xa with X = �, Z, h.

Resonantly produced ALPs

At high-energy colliders, ALPs can be produced resonantly through gluon-fusion gg ! a
(GGF), photon fusion �� ! a (��F), or electron-positron annihilation e+e� ! a. An impor-
tant di↵erence between resonant production and ALP production through exotic decays or
associated ALP production is that the resonant production cross section is always suppressed
by the ALP mass, ma, over the new physics scale ⇤. Resonant production is therefore mostly
relevant for large ALP masses. At hadron colliders large ALP masses are also important to
suppress backgrounds. The cross sections for the resonant ALP production processes are

�GGF(pp ! a) =
4⇡3↵2

s(ma)

s

m2
a

⇤2
|Ce↵

GG|
2 Ka!ggffgg

✓
m2

a

s

◆
, (13)

���F(pp ! a) =
⇡3↵2(ma)

2s

m2
a

⇤2
|Ce↵

��|
2 ff��

✓
m2

a

s

◆
, (14)

�(e+e� ! a)
s⇡m2

a=
4⇡�a

(s � m2
a)

2 +m2
a�

2
a

p
sm2

e

8⇡⇤2
|ce↵ee |

2 (15)

where ffgg(y) =
R 1

y
dx
x fg/p(x)fg/p(y/x) is the gluon luminosity function (the photon luminosity

function is defined analogously) and Ka!gg ⇡ 3.3 � 2.4 for ma = 100 � 1000GeV accounts
for higher-order QCD corrections [55, 56]. In the last equation we set m2

e/s ! 0. Both
�(e+e� ! a) as well as the quark contribution to �(pp ! a) are strongly suppressed by the
light fermion masses and these processes are therefore not the dominant production modes.
ALP production in photon fusion with a subsequent di-photon decay of the ALP is particularly
interesting, because the production times decay rate only depends on the ALP mass and the
single coupling Ce↵

�� . Furthermore, the uncertainty of the photon distribution function in the
proton has recently been considerably improved allowing for more robust limits [57]. For
resonantly produced ALPs finite-lifetime e↵ects do not play any role because the sizeable
couplings and ALP masses required to obtain appreciable production cross sections lead to
prompt ALP decays.

ALP production in association with a photon, Z or Higgs boson

An important production mechanism especially at e+e� colliders is associated ALP production.
The relevant Feynman diagrams are shown in Figure 1. Additional diagrams with ALPs
radiated o↵ an initial-state electron are suppressed by m2

e/s relative to the shown graphs and
hence neglected here. ALPs can be radiated of a photon or a Z boson and thereby be produced

5

a → γγ with BR=1

e+e− → γa → 3γ e+e− → Za → Zvisγγ

includes also 160 and  
240 GeV runs

a decaying in the tracker region,  
before the calorimeter. 
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➤ Also for ALPS luminosity is key to the game

➤ Complementarity of lepton colliders at different energies

➤ Fertile ground for development of innovative detector ideas!
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Figure 11: Parameter regions which can be probed in the decay h ! Za with a ! `�`+ (upper

row) and h ! aa with a ! `+`� (lower row) at future e+e� colliders. The grey shaded area is

excluded by LHC Higgs measurements. The dotted contours correspond to the sensitivity region of

the FCC-ee for ALP branching ratios smaller than 1.

This condition can be relaxed if the electrons in ZZ-fusion or the additional Z in associated
Higgs production are detected. Since the reach in searches for exotic Higgs decays is directly
proportional to the number of Higgses produced, high-luminosity machines lead to the best
sensitivity. In Figure 10 we further show the reach of the FCC-ee for di↵erent values of
Br(a ! ��) = 10�5

� 10�1 given by the respective dotted lines. For leptonic ALP decays,
the analagous plots are shown in Figure 11, where, in contrast to Figure 9, no connection
between Ce↵

ah, C
e↵
Zh and ce↵`` has been assumed. CLIC has a larger reach than the FCC-ee for

leptonic ALP decays due to the larger detector volume, Ldet = 0.6m at CLIC, compared to
Ldet = 0.02m at the FCC-ee. Since Ce↵

ah and Ce↵
Zh are not controlled by the anomaly equation,

the one-loop contribution from a tree-level ce↵`` coupling is proportional to m2
`/v

2 [25]. The
gray regions in Figures 10 and 11 correspond to |Ce↵

Zh| > 0.72⇤/TeV and |Ce↵
ah| > 1.34⇤2/TeV2

excluded by the current upper limit on Br(h ! BSM) < 0.34 (at 95% CL) [58].

20
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a e�
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Figure 1: Tree-level Feynman diagrams for the processes e+e� ! Xa with X = �, Z, h.

Resonantly produced ALPs

At high-energy colliders, ALPs can be produced resonantly through gluon-fusion gg ! a
(GGF), photon fusion �� ! a (��F), or electron-positron annihilation e+e� ! a. An impor-
tant di↵erence between resonant production and ALP production through exotic decays or
associated ALP production is that the resonant production cross section is always suppressed
by the ALP mass, ma, over the new physics scale ⇤. Resonant production is therefore mostly
relevant for large ALP masses. At hadron colliders large ALP masses are also important to
suppress backgrounds. The cross sections for the resonant ALP production processes are

�GGF(pp ! a) =
4⇡3↵2

s(ma)

s

m2
a

⇤2
|Ce↵

GG|
2 Ka!ggffgg

✓
m2

a

s

◆
, (13)

���F(pp ! a) =
⇡3↵2(ma)

2s

m2
a

⇤2
|Ce↵

��|
2 ff��

✓
m2

a

s

◆
, (14)

�(e+e� ! a)
s⇡m2

a=
4⇡�a

(s � m2
a)

2 +m2
a�

2
a

p
sm2

e

8⇡⇤2
|ce↵ee |

2 (15)

where ffgg(y) =
R 1

y
dx
x fg/p(x)fg/p(y/x) is the gluon luminosity function (the photon luminosity

function is defined analogously) and Ka!gg ⇡ 3.3 � 2.4 for ma = 100 � 1000GeV accounts
for higher-order QCD corrections [55, 56]. In the last equation we set m2

e/s ! 0. Both
�(e+e� ! a) as well as the quark contribution to �(pp ! a) are strongly suppressed by the
light fermion masses and these processes are therefore not the dominant production modes.
ALP production in photon fusion with a subsequent di-photon decay of the ALP is particularly
interesting, because the production times decay rate only depends on the ALP mass and the
single coupling Ce↵

�� . Furthermore, the uncertainty of the photon distribution function in the
proton has recently been considerably improved allowing for more robust limits [57]. For
resonantly produced ALPs finite-lifetime e↵ects do not play any role because the sizeable
couplings and ALP masses required to obtain appreciable production cross sections lead to
prompt ALP decays.

ALP production in association with a photon, Z or Higgs boson

An important production mechanism especially at e+e� colliders is associated ALP production.
The relevant Feynman diagrams are shown in Figure 1. Additional diagrams with ALPs
radiated o↵ an initial-state electron are suppressed by m2

e/s relative to the shown graphs and
hence neglected here. ALPs can be radiated of a photon or a Z boson and thereby be produced

5

a → ll
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BSM DIRECT SEARCHES - Z EXOTIC DECAYS

➤ Several models that 
describe possible exotic Z 
decays in dark sector 
candidate particles have 
been studied

➤ Nice review 1712.07237


➤ Complementarity between 
experiments depending 
on the parameter space 


➤ Also comparison with HL-
LHC
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various limits from the complementary experiments, shown
in Fig. 4.
S!S → Ã0=Z → f̄f is p-wave suppressed, which can be

understood from the CP symmetry of the initial state [85].
As we discussed before, the p-wave annihilation has the
suppressed signal of the indirect detection. Therefore, the
corresponding limit is negligible.

Direct detection.—The scattering of S off nuclei is medi-
ated by t-channel Ã0 and Z̃. Interestingly, the contribution
from Z̃ exchange has been canceled by the one from Ã0

coupling to the JZ current [97]; hence, only Ã0 coupling to
the Jem current should be considered, which can be seen
directly from Eq. (16). Therefore, the spin-independent
scattering cross section for S and the nucleon has a simple
expression and is given below,

σSIn ≃
e2g2Dϵ

2μ2Sn
2πm4

Ã0

; ð21Þ

where μSn ¼ mSmn=ðmS þmnÞ is the reduced mass of dark
matter S and nucleon n and e is the electron charge. We add

the direct detection constraints as the green shaded area
in Fig. 4.
Existing collider limits.—Focusing on the region of
mÃ0 < 2mS, the decay mode of the dark photon,
Ã0 → lþl−, is the key channel to look for in the experi-
ments: beam-dump, fixed target, collider, and rare meson
decay. In Fig. 4, we present the constraints from the
experiments having the leading limits currently. There
are also limits from the LEP via electroweak precision
observables [41]. For constraints from the LHC, the
inclusive Drell-Yan process pp → Ã0 → lþl− can be used
to constrain ϵ with the LHC 8 TeV data [100,101], which
provides a stronger bound than the electroweak precision
bounds [42,102,103]. For low mass mÃ0 ∼OðGeVÞ, the
limits from the B factory are the leading ones from
measuring visible decay products of the dark photon, such
as BABAR 2014 [104] having the limits of ϵ≲ 10−3.
Recently, the LHCb [105] performed a dark photon search
using the inclusive dimuon data. This will give the leading
constraints in the mass window of (10 GeV, 50 GeV).
Exotic Z-decay search.—The first process we consider is
the three-body decay Z̃ → Ã0S!S → ðlþl−ÞE shown in the
left panel of Fig. 3. The limit on the exotic Z-decay
branching ratio is given in Sec. IV. D. Here, we take the
mass range of Ã0, mS < mÃ0 < 2mS, such that Ã0 will not
dominantly decay to invisible DMs, and DM relic density
depends on the kinetic mixing ϵ. To constrain kinetic
mixing coupling ϵ, we fix the other relevant parameters,
gD ¼ 0.1ð1Þ and the mass ratio mS=mÃ0 ¼ 0.8. The corre-
sponding limit for ϵ as a function of mÃ0 is given in Fig. 4.
The range of mÃ0 starts from 1 GeV. For smaller masses,
other constraints like beam dump experiments become

FIG. 3. The Feynman diagrams for the three-body decay
process Z̃ → Ã0SS! → ðl−lþÞE from the vector-portal model
with scalar DM and the Higgs bremsstrahlung process Z̃ →
Ã0ϕ̃ → ðl−lþÞðEÞ.

FIG. 4. The 95% C.L. sensitivity for ϵ as a function of mÃ0 from exotic Z decay Z̃ → ðlþl−ÞE. The three-body decay channel
Z̃ → Ã0S!S → ðlþl−ÞE is shown in the left panel, while the two-body cascade decay channel Z̃ → Ã0ϕ̃ → ðlþl−ÞðEÞ is shown in the
right panel. We take gD ¼ 0.1 and 1, mS ¼ 0.8mK̃ . The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show
an illustrative line for LEP luminosity 114 pb−1. We also show limits from relic abundance, direct detection, and existing collider
searches for comparison.

EXPOSING THE DARK SECTOR WITH FUTURE Z … PHYS. REV. D 97, 095044 (2018)
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The cut efficiencies for the signal and SM background are
listed in Table II. For topologies 2A and 2C, we can make
an additional 5 GeV window cut on the invariant mass of
the diphoton to suppress the SM background, while the
signal remains unaffected. The corresponding efficiency is
listed in parentheses in the ϵ column in Table II. It is a range
for the SM background due to the change of mediator mass.
For the HL-LHC (3 ab−1), the future sensitivity reaches
for exotic Z-decay topologies 2A, 2C, and 2D are
ð5–10Þ × 10−7, ð1–2Þ × 10−6, and 1.4 × 10−6, respectively,
and have been plotted in Fig. 16. The sensitivity range for
the topologies 2A and 2C has been indicated by the light
brown shaded region.

3. Z → l+l− +E

For decay topology Z → lþl− þ E, we consider SM
background jlþl− and irreducible jl−lþνν̄ with the same
reason. The basic cuts are one jet with pj

T > 60 GeV,
missing energy ET > 50 GeV, and two leptons with
pl
T > 20 GeV. After checking the kinematic variable dis-

tribution, we propose further cuts to optimize our signal,

pj
T > 90 GeV; pl1

T < 80 GeV: ð68Þ

For topologies 3A and 3B, we have added the same
additional 5 GeV window cut on the invariant mass of
the dilepton. The corresponding efficiency has been listed
in parentheses in the ϵ column in Table II. For the HL-LHC
(3 ab−1), the future sensitivity reaches for exotic Z-decay
topologies 3A, 3B, 3D, and 3F are ð3 − 11Þ × 10−6,
ð3 ∼ 12Þ × 10−6, 2.0 × 10−5, and 1.6 × 10−5, respectively,
and are plotted in Fig. 16. The sensitivity range for the

topology 3A and 3B is indicated by the light brown shaded
region in Fig. 16.

4. Z → jj +E

For decay topology Z → jjþ E, we generate signal
events γZ to suppress the QCD background and consider
the SM background γj and irreducible γjjνν̄. The basic
cuts are two jets with pj

T > 30 GeV, missing energy
ET > 50 GeV, and one photon with pγ

T > 60 GeV. After
checking the kinematic variable distribution, we propose
further cuts to optimize our signal:

pj1
T < 100GeV; ET > 60GeV; pγ

T > 90GeV: ð69Þ

For the HL-LHC (3 ab−1), the future sensitivity reaches for
exotic Z-decay topologies 4A, 4B, and 4C are 0.0136,
3.45 × 10−3, and 5.07 × 10−3, respectively, and are plotted
in Fig. 16.

5. Z → ðJJÞðJJÞ
For decay topology Z → ðJJÞðJJÞ which is fully had-

ronic, we generate signal events γZ to suppress the QCD
background and consider the SM background γJ matched
with γJJ by PYTHIA and irreducible γJνν̄ matched with
γJJνν̄, where J can be light flavor jets j or a b-tagged jet b.
We require at least four jets with pJ

T > 60 GeV and one
photon with pγ

T > 60 GeV. We propose further cuts to
optimize our signal,

pJ1
T > 120 GeV; mJJJJ < 250 GeV; ð70Þ

and the cut efficiencies for the signal and SM background
are given in Table II. Note we have generated the SM

FIG. 16. The sensitivity reach for the BR for various exotic Z-decay topologies at the future Z factory (Giga Z and Tera Z) and the
HL-LHC at 13 TeV withL ¼ 3 ab−1. The BR sensitivity generally depends on the model parameter, for example, the mediator mass and
dark matter mass. The dark colored region with the solid line as a boundary indicates the worst reach for the topology, while the lighter
region with the dashed line indicates the best reach. For the HL-LHC, we add the light shaded region for the topologies 2A, 2C, 3A, and
3B to indicate the effect of an invariant mass window cut for the diphoton and dilepton. For the topology 6A, the HL-LHC limit is
obtained by rescaling the ATLAS study at the 8 TeV LHC [122] with L ¼ 20 fb−1.

EXPOSING THE DARK SECTOR WITH FUTURE Z … PHYS. REV. D 97, 095044 (2018)

095044-23
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SEARCH FOR HEAVY NEUTRAL LEPTONS

➤ Neutrino oscilations require at least two massive light/active SM neutrinos. This 
corresponds to an extension of the SM 


➤ We consider the addition of right-handed fermion singlets (« sterile neutrinos » Ni)

➤ Interesting scenario: symmetry protected (See-Saw )  

➤ This extension of the Standard  Model with three sterile Majorana neutrinos Ni  is 

called Neutrino Minimal  Standard Model (νMSM)
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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
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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.
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A three family analysis of these constraints for right-
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line, the active neutrino mass differences observed in 
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GeV scale see-saw mechanism. Above the BAU line 
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thermal equilibrium during the relevant period of the 
Universe expansion, making the baryogenesis due to 
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close to MW and above MW the rate of reactions with 
N's is enhanced due to the kinematically allowed 
decay N→  l W, leading to stronger constrains on the 
mixing.  The BAU curve intersects with the see-saw-
line at mN = MW, so that the parameter-space is bound 
on all sides.  
 
For even large masses of N another mechanism of 
baryogenesis - resonant leptogenesis can operate 
[pilaftsis].  
This part of the parameter space cannot be directly 
studied with FCC-ee in Z-resonance. 
 

 
Figure 3 Interesting domains in the Heavy Neutrino masses, as 

described in [10].  
 
The production and decay of the heavy neutrino in Z 
decays has already been undertaken at LEP by the L3 
and DELPHI collaborations[14]. It is largely 
determined by the mixing angle. When a Left-Handed 
neutrino is produced e.g. in Z decay it is actually a 
mixture of the light and heavy state:  
νννν! "  $  cosθθθθ  +  % &'(θθθθ   with θ2 ≈ mν/mN .  
 
Thus the decay width of the Z into a pair of light and 
heavy neutrino will be given by  
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with |U|2~θ2. The best existing limits are around |U|2 
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investigations (Figure 3). The mixing of sterile 
neutrinos with the active neutrinos of each flavour i is 
defined as |Ui|2, where i = e, mu or tau. The total 
mixing |U|2 is defined as |U|2=Σi|Ui|2. The measurement 
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searches the final state depends on the relative strength 
of the partial |Ui|2. In our analysis we consider the 
combination of |Ui|2 allowed by present constrains 
from neutrino oscillations that maximises the BAU. 
 
 
The heavy neutrino N decays as shown in Figure 4. At 
large masses the fully visible decay N!  l+(W! qq) 
account to more than 50% of the decays.  

 
Figure 4 Decay mode of a heavy neutrino, via mixing with the 

light one. (a) the charged current decay  N! charged lepton + W,  
(b) the neutral current decay  N! neutrino + γ/Z.  
 
The decay rate of the Heavy Neutrino depends very 
strongly on the mass, both via the three body phase 
space (in the fifth power of mass) but also through the 
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The existence of heavy neutrinos in the accessible 
mass range would manifest itself in many different 
ways in high energy colliders.  
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Figure 7: Sensitivities of the di↵erent signatures to the active-sterile mixing and masses of sterile neutrinos at the FCC-ee and the CEPC. For
details on the signatures see text and tab. 3, for the considered modi operandi see fig. 4. See section 3.3 for a summary on the references that
were used.

3.3 Electron-positron colliders: summary

In the above section we presented and discussed a complete
list of the signatures for sterile neutrino searches at e�e+

colliders at leading order. Here we summarize our findings,
including results from previous works on the prospects of
sterile neutrino searches at future e�e+ colliders (within the
SPSS benchmark model). We have extended and updated
the summary plot shown in fig. 7 for the CEPC and FCC-ee
in the following ways:

We present first parton-level estimates for the lepton-dijet
signature at

p
s =250 GeV and 350 GeV for the CEPC and

FCC-ee, respectively, by the orange line. We updated the
sensitivities for the mono-Higgs signature from ref. [13] for
the dijet final state (at the reconstructed level) according
to the luminosity goals as given in fig. 4. This signature is
shown for the CEPC and FCC-ee with the solid and dashed
yellow lines for

p
s =250 and 350 GeV, respectively. The

sensitivity estimate for the conventional Z pole search is
shown by the dashed purple line, and it was obtained from
a trivial rescaling (cf. ref. [3]) of the DELPHI results. The
sensitivity from the displaced vertex searches for sterile neu-
trinos at the Z pole is taken from ref. [56] and shown by the
solid purple lines. The estimates for the sensitivity of the
indirect searches from the EWPOs, the Higgs boson branch-
ing ratios, and the sensitivity estimate for the dilepton final
states at

p
s =250 GeV, are from ref. [3] .

We note that the Z pole run of an e�e+ collider allows
to test the active-sterile mixing parameter |✓|2, whereas
the physics runs at higher energies, starting with the WW
threshold scan, are mainly sensitive to |✓e|2. The relative
strength of the |✓↵| can be inferred, e.g. from the lepton-
dijet final states.

We find that the best sensitivity is given by the displaced
vertex searches at the Z pole, which can test |✓|2 as small
as ⇠ 10�8 and ⇠ 10�11 at the CEPC and the FCC-ee, re-
spectively, for heavy neutrino masses below mW . It is worth

noting that the sensitivity of the FCC-ee in this channel is
even closing in on the active-sterile mixing that is expected
from the näıve type-I seesaw relation.

Among the direct searches for the physics runs above the
Z pole, our estimate for the lepton-dijet signature shows a
comparable sensitivity to the dilepton and the mono-Higgs
signatures, and allow tests of |✓e|2 down to ⇠ 10�5 at the
CEPC and FCC-ee, respectively. We remark that that the
mono-Z signature has not yet been investigated with respect
to sterile neutrino searches, but we expect its sensitivity to
be similar to the aforementioned direct searches.

The indirect searches for e↵ects from sterile neutrinos via
the electroweak precision observables allow to test the com-
bination |✓e|2 + |✓µ|2 down to values slightly below ⇠ 10�4

and⇠ 10�5 at the CEPC and FCC-ee, respectively, and they
allow to test masses M above the center-of-mass energy and
well into the O(10) TeV range.

We remark that lepton-number-violating processes exist,
that contribute to the lepton-dijet and to the dilepton final
states. However, they always contain a light neutrino in the
final state such that there is no unambiguous LNV signature.
Nevertheless, using the di↵erent kinematics of signature and
background final states with di↵erent light neutrino lepton
number, it might be possible to find a signal of LNV at e�e+

colliders.

We have focused here on circular colliders, however we
like to note that also linear colliders such as the ILC or
CLIC can e�ciently search for sterile neutrinos via the same
signatures. The latter will also run at higher energies (cf. fig.
4) and therefore their direct searches have an extended mass
reach for testing heavy neutrinos, compared to the circular
colliders.
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Fig. 8.19: 90% CL exclusion limits for a Heavy Neutral Lepton mixed with the electron neu-
trino. See text for details.

that have emerged from the study.

1. To what extent can we tell whether the Higgs boson is fundamental or composite?
Undoubtedly the Higgs boson is the centrepiece of today’s BSM physics. Its discovery has led to
an unprecedented situation in physics, since no fundamental scalar particles and no fundamental
forces different from gauge forces had ever been observed prior to the Higgs. These facts
are not mere curiosities, but are at the core of the main puzzles confronting particle physics
today. Progress with these issues requires an experimental programme targeted at precision
measurements of Higgs interactions and EW observables. This programme is a clear priority
for the future of particle physics. Higgs precision measurements are especially efficient in
testing strongly-interacting EW breaking sectors (such as in composite Higgs models), theories
for EW breaking in which there are no weak-scale coloured particles associated with the Higgs
(such as Neutral Naturalness), and theories in which the Higgs is mixed with other scalar states.

A central question for the precision programme is the nature of the Higgs boson, i.e.
whether it is a fundamental or composite particle. Theories like SUSY suggest that the Higgs
boson is as fundamental as any other SM particle, while models based on approximate Gold-
stone symmetries suggest that the Higgs has a composite structure, much like the pion in QCD.
As shown in Sect. 8.2, this question can be quantitatively addressed by future colliders, which
can test the ‘size’ of the Higgs up to inverse distances 1/`H ⇠ 10 � 20 TeV, more than four
orders of magnitude below the size of a proton. To put this result in perspective, we define the
degree of compositeness d of a particle with mass m as the ratio between its effective size and
its Compton wavelength lC = 2p h̄/mc (which is a measure of the particle’s quantum nature).
For a proton, which is a fully composite object, one finds dp ⇡ mp/(2pLQCD) ⇡ 1. For a pion,
which is a composite particle but emerges as a Goldstone boson below the QCD scale, one finds
dp ⇡ mp/(2pmr) = 0.03. Future colliders will be able to probe the Higgs degree of compos-
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CONCLUSIONS

➤ Electron-positron colliders remain the best tool to improve our 
knowledge of the Higgs boson and of the SM through precise 
measurements and access to features not available at hadron 
colliders. 


➤ They have a unique opportunities for discoveries of new physics 
inaccessible to hadron colliders 

➤ They are the natural step after the HL-LHC 


➤ Four projects on the table (ILC, CLIC, FCC, CEPC) with overlaps and 
complementarities, strong physics case, challenging but achievable 
technology. 

➤ It is very important to understand the need of the knowledge a lepton 

machine can bring before jumping in a new and more powerful hadron 
collider at 100TeV or more (or even other options) 


➤ Our job is to inspire the new generations with the exciting new physics 
and discoveries that can be made at a future lepton collider
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