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PHYSICS AT e+e- COLLIDERS

2
20

Physics at e+e− Colliders
√s Processes Physics Goals Observables

91 GeV • e+e− → Z ultra-precision EW physics
sin2θeff 

MZ, ΓZ, Nν 
α, αS

125 GeV • e+e− → H limit on s-channel H production? ye

160 GeV • e+e− → W+W− ultra-precision W mass MW, ΓW

>160 GeV
• e+e− → W+W− 

• e+e− → qq,  (γ)
precision W mass and couplings
precision EW (incl. Z return)

MW, aTGC 
Nν

250 GeV • e+e− → ZH
ultra-precision Higgs mass
precision Higgs couplings

MH  
κV, κf, ΓH

360 GeV • e+e− → tt ultra-precision top mass Mtop

>360 GeV
• e+e− → tt precision top couplings
• e+e− → ZH
• e+e− → Hνν precision Higgs couplings

500+ GeV

• e+e− → ttH
• e+e− → ZHH
• e+e− → Z’ → ff
• e+e− → χχ
• e+e− → AH, H+H−

Higgs coupling to top
Higgs self-coupling
search for heavy Z’ bosons
search for supersymmetry (SUSY)
search for new Higgs bosons

ytop  
λHHH 

flavour

BSM

Special program
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BACKGROUNDS VS PRECISION

3

➤ Electron/muons are ELEMENTARY particles. No spectators. No PDF. 
The √s of the process is known. This LIMITS ULTIMATE PRECISION

➤ Various machines at high energy have processes that create noise 
and occupancy in the detector: analyses assume this will be OK

FCC-hh 100 TeV 

~1000 pileup 

Muon Collider 10TeV

Beam Induced Background

CLIC 3TeV 

Beamstrahlung Background
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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)

4

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

5

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 @FUTURE COLLIDERS

6

Ecom=365 GeV 

Lint=1.5 ab-1 

1M tt pairs 

Ecom=3.5 TeV 

Lint=1 ab-1 


10M single top 

Ecom=100 TeV 

Lint=20 ab-1 

1T tt pairs 
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CMS

Preliminary Projection

 (8 TeV)-119.7 fb

Run I , 14 TeV-10.3 ab , 14 TeV-13 ab

, JHEP 12(2016)123ΨJ/
), JHEP 08(2016) 029t (tσ

sec. vtx, PRD 93(2016)2006 
single t, arXiv:1703.02530
l+jets, PRD 93(2016)2004

STATUS OF TOP MASS MEASUREMENT

7

Projections for HL-LHC
• Reconstructed mass: fit to the decay 

products 

• Most precise way (for now) at hadron 

colliders. Well defined experimentally, not 
so well theoretically.  


• New HL-LHC extrapolation ~0.17 in l+jets

• at lepton collider could obtain precision of  

~80MeV (CLIC study)

• other methods considered for HL-LHC could 

reach ~500MeV with different systematics.

l+jets Δm/m~0.17Experiments catching up with predictions already! 

New CMS top mass 171.77 ± 0.38 GeV
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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
8

 [GeV]s
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]
Δ

/d
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[fb
/ty

p 
σd
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0
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40
 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

 = 50 ... 350 GeVµ

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

January 2018

sensitivity to:

mass
width
Yukawa

M(t)

yt

Γt

αs
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2D FIT OVERALL COMPARISON

9

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

Threshold Scan: High Level Results Summary II

• Assuming an integrated luminosity of 200 fb-1 (default for ILC, FCCee, x2 of CLIC standard scenario)

• Standard fit of mass only: ILC 12.2 MeV [stat]    CLIC 13.3 MeV [stat]    FCCee 10.4 MeV [stat]

�19

Standard 10 point scan at ILC, CLIC LowCharge, FCCee

171.3 171.4 171.5 171.6 171.7
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1.55

t
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fit
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d 

-110 x 20 fb
 = 171.5 GeVPS

tm
 = 1.37 GeVtΓ

2D template fit

preliminary

June 2018

input value
 CLIC LowChargeσ1 
 ILC TDRσ1 
 FCCeeσ1 

171.3 171.4 171.5 171.6 171.7
 [GeV]tfitted m
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y -110 x 20 fb
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 FCCeeσ1 

• 2D fits of mass & width, mass & Yukawa
• FCCee with the 

assumption of a perfectly 
gaussian spectrum gives 
best performance


• Small energy spread of 
main lumi peak of ILC an 
advantage


• CLIC LowCharge in the 
same general ballpark as 
ILC
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GLOBAL VIEW OF UNCERTAINTIES ON TOP MASS

10
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 Yukawa (production)

 6

• production ratio σ(ttH)/σ(ttZ)
• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 

regime, in the semi-leptonic channel
• perform simultaneous fit of double Z and H peak 
• (lumi, pdfs, efficiency) uncertainties cancel out in ratio
• assuming gttZ and κb known to 1% (from FCC-ee) , can measure 

yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

COMPLEMENTARITY: TOP YUKAWA COUPLING AT FCC-hh 
➤ Measure the production ratio  in the boosted regime for  and in the semi-

leptonic top channel. Lumi, PDF, efficiency uncertainties cancel in the ratio

➤ Perform simultaneous fit of Z and H peak 

➤ Using gttZ and kb measured at 1% by FCC-ee. 
➤  Top Yukawa can be measured at 1% and model independent at the FCC-hh

σ(tt̄H)/σ(tt̄Z) H → bb̄

11

Top Yukawa (production)

 6

• production ratio σ(ttH)/σ(ttZ)
• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 

regime, in the semi-leptonic channel
• perform simultaneous fit of double Z and H peak 
• (lumi, pdfs, efficiency) uncertainties cancel out in ratio
• assuming gttZ and κb known to 1% (from FCC-ee) , can measure 

yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

➤ Run at 365 GeV used also for measurements of top EWK couplings (at the level of 
10-2-10-3) and FCNC in the top sector. 
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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

12

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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TOP EWK COUPLINGS - COMPARISON AMONG LEPTON COLLIDERS

13

- 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
- -

Higher statistics 
at CC 

compensates 
the polarisation 

of a LC
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NEW PHYSICS SENSITIVITY: COMPARISON WITH BSM MODELS

14

FCC-ee expected precision of order 10-2 to 10-3 

TOP QUARK MEASUREMENTS
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Frank Simon (fsimon@mpp.mpg.de)Top Threshold @ FCCee  - FCC Week April 2018
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Mass & Yukawa Coupling

�14

Extension of 1σ contour: 
mass: +29 MeV, - 26 MeV

yt: +0.12, -0.11

Theory uncertainty (symm.): 
mass: 36 MeV; yt: 0.11 
αs parametric uncertainty (0.0002)

mass: 3 MeV; yt: 0.02

• 2D Mass & Yukawa fit

For comparison: default 10 point scan:  
2D mass: +28.5 MeV, - 26.5 MeV; 47 MeV (theo)

2D Yukawa: +0.08, 0.12 MeV; 0.165 (theo) 

Figure 6.2: Statistical uncertainty contours of a two-parameter fit to the top threshold region combining
the mass and width (left) or the Yukawa coupling (right) for an integrated luminosity of 200 fb�1.

kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos ✓ and the
reduced lepton energy x =

2E`

mtop

q
1��
1+� measured in top semi-leptonic decays at

p
s = 365 GeV with

one million tt̄ events allows a precision of 0.5% to be obtained for the vector and axial couplings of
the top to the Z and 1.5% for the ones to the photon. The fit includes conservative assumptions on the
detector performance, such as lepton identification and angular/momentum resolution and b quark jet
identification. The precision of these measurements would allow testing and characterisation of possible
new physics models that could affect the EW couplings of the top quark, see for example Fig.6.3.

Figure 6.3: FCC-ee measurement uncertainties in the left and right coupling of the top to the Z (left) and
to the photon (right) displayed as an ellipse. In the left plot the SM value at (0,0) is compared to predicted
deviations from various composite Higgs model for f  1.6 TeV. The 4DCHMM [166] benchmark point
A is represented with a cyan marker.

6.2.3 Search for FCNC in Top Production or Decay
The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the
SM, leading to branching ratios of the order of 10

�13-10
�14. However, several extensions of the SM are

able to relax the GIM suppression of the top quark FCNC transitions due to additional loop diagrams
mediated by new particles. Significant enhancements for the FCNC top quark rare decays can take
place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC signal

PREPRINT submitted to Eur. Phys. J. C
69

TOP QUARK MEASUREMENTS
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Frank Simon (fsimon@mpp.mpg.de)Top Threshold @ FCCee  - FCC Week April 2018
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Mass & Yukawa Coupling

�14

Extension of 1σ contour: 
mass: +29 MeV, - 26 MeV

yt: +0.12, -0.11

Theory uncertainty (symm.): 
mass: 36 MeV; yt: 0.11 
αs parametric uncertainty (0.0002)

mass: 3 MeV; yt: 0.02

• 2D Mass & Yukawa fit

For comparison: default 10 point scan: 
2D mass: +28.5 MeV, - 26.5 MeV; 47 MeV (theo)

2D Yukawa: +0.08, 0.12 MeV; 0.165 (theo) 

Figure 6.2: Statistical uncertainty contours of a two-parameter fit to the top threshold region combining
the mass and width (left) or the Yukawa coupling (right) for an integrated luminosity of 200 fb�1.

kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos ✓ and the
reduced lepton energy x =

2E`

mtop

q
1��
1+� measured in top semi-leptonic decays at

p
s = 365 GeV with

one million tt̄ events allows a precision of 0.5% to be obtained for the vector and axial couplings of
the top to the Z and 1.5% for the ones to the photon. The fit includes conservative assumptions on the
detector performance, such as lepton identification and angular/momentum resolution and b quark jet
identification. The precision of these measurements would allow testing and characterisation of possible
new physics models that could affect the EW couplings of the top quark, see for example Fig.6.3.

Figure 6.3: FCC-ee measurement uncertainties in the left and right coupling of the top to the Z (left) and
to the photon (right) displayed as an ellipse. In the left plot the SM value at (0,0) is compared to predicted
deviations from various composite Higgs model for f  1.6 TeV. The 4DCHMM [166] benchmark point
A is represented with a cyan marker.

6.2.3 Search for FCNC in Top Production or Decay
The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the
SM, leading to branching ratios of the order of 10

�13-10
�14. However, several extensions of the SM are

able to relax the GIM suppression of the top quark FCNC transitions due to additional loop diagrams
mediated by new particles. Significant enhancements for the FCNC top quark rare decays can take
place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC signal

PREPRINT submitted to Eur. Phys. J. C
69

With FCC-ee precision sensitivity up to 4TeV Z’ mass on a specific model  
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SYNERGIES & COMPLEMENTARITIES AMONG COLLIDERS FOR 

TOP PHYSICS

15

High q2

FCC-hh

Top Mass & Width

Top Yukawa

ttZ/γ: EW top couplings

FCNC, rare decays

ttZ/γ: top EW couplings

Rare decays

Top Yukawa

CKM elements Vtx

Top EW couplings

PDFs

FCC-ee FCC-eh

Top propertiesPrecision measurements

FCNC
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PHYSICS AT e+e- COLLIDERS
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Physics at e+e− Colliders
√s Processes Physics Goals Observables

91 GeV • e+e− → Z ultra-precision EW physics
sin2θeff 

MZ, ΓZ, Nν 
α, αS

125 GeV • e+e− → H limit on s-channel H production? ye

160 GeV • e+e− → W+W− ultra-precision W mass MW, ΓW

>160 GeV
• e+e− → W+W− 

• e+e− → qq,  (γ)
precision W mass and couplings
precision EW (incl. Z return)

MW, aTGC 
Nν

250 GeV • e+e− → ZH
ultra-precision Higgs mass
precision Higgs couplings

MH  
κV, κf, ΓH

360 GeV • e+e− → tt ultra-precision top mass Mtop

>360 GeV
• e+e− → tt precision top couplings
• e+e− → ZH
• e+e− → Hνν precision Higgs couplings

500+ GeV

• e+e− → ttH
• e+e− → ZHH
• e+e− → Z’ → ff
• e+e− → χχ
• e+e− → AH, H+H−

Higgs coupling to top
Higgs self-coupling
search for heavy Z’ bosons
search for supersymmetry (SUSY)
search for new Higgs bosons

ytop  
λHHH 

flavour

BSM

Special program

And MuColl
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DIRECT SEARCHES 

17

M	(mass)

g	
(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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PHYSICS AT HIGH ENERGY  - LINEAR COLLIDERSe+e−

1808/12/2016 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

PRODUCTION CROSS SECTIONS 

FOR SUSY PARTICLES

In general, O(1%) precision on masses

and production cross sections foundCERN-2012-003 CERN-2012-007

https://arxiv.org/abs/1202.5940
https://cds.cern.ch/record/1500095
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VBF DOMINATES AT LARGE √S ENERGIES 10-30 TEV

19Barbara Mele

at √Sµµ~10-30TeV [L~101-2 ab-1]  plenty of Higgs’s !

!10               CERN,  10  April 2019

HZ

VBF � H

VBF � HH

tt

ttH
5 10 15 20 25 30

0.001

0.010

0.100

1

10

100

1000

s� [TeV]

�
[fb

]

Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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ℓℓ → tt̄(H) vs . WW → tt̄(H)

20

VBF�ttH

Barbara Mele !15               CERN,  10  April 2019
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.

3

not quite a plain extrapolation from CLIC… !

ℓ+ℓ-� tt (H)  vs  WW� tt (H)
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WW ➜ ttH  takes over 
µµ ➜tt at 30 TeV !!! 
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BSM COMPARISON OF COLLIDERS REACH: MUCOLL VS hh 

➤ Compare the reach for the production of new heavy particles. 

➤ Hadron colliders pay the price of the exponentially falling PDFs 

21
Barbara Mele

“equivalent” reach in pp after rescaling for pdf's

!6               CERN,  10  April 2019
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.

3

for colored NP objects

(even better for EW NP)

[MNP ~ √Sµ/2]

�µµ
(L

+L
� ) ⇠ �pp

(L
+L

� )

<latexit sha1_base64="SmurZGLedI8Ugo51TjjPtd373Ek="></latexit>

�µµ
(QQ̄) ⇠ �pp

(QQ̄)

<latexit sha1_base64="nRyZBooFHzC1x32wY+CjHoj4yLM="></latexit>

�µµ
(L

+L
� ) ⇠ �pp

(L
+L

� )

<latexit sha1_base64="SmurZGLedI8Ugo51TjjPtd373Ek="></latexit>

�µµ
(QQ̄) ⇠ �pp

(QQ̄)

<latexit sha1_base64="nRyZBooFHzC1x32wY+CjHoj4yLM="></latexit>

yet  unexplored  pheno !!!

Showing the energy at which pp 
collider cross-section equals the 
muon collider one 

Continuos line includes a factor 
10 enhancement in pp 
production for colored objects. 
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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)

➤ 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) 

22
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Summary: RPC Top squark

14/5/19SUSY Experimental prospects, Monica D'Onofrio15

Discovery potential 
FCC-hh ~ up to 8 TeV

Discovery potential 
HL/HE-LHC 
~ up to 1.4/3.2 TeV

Discovery potential e+e-
~ up to sqrt(s)/2 
(with possible exception for 
compressed scenarios)

Model
∫
L dt[ab−1]

√
s [TeV] Mass limit (95% CL exclusion) Conditions

H
L

-L
H

C
H

E
-L

H
C

IL
C

C
L

IC
S

t.
2

C
L

IC
S

t.
3

F
C

C
-h

h

t̃1 t̃1, t̃1→tχ̃
0

1
3 14 m(χ̃

0

1)=01.7 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3 body 3 14 ∆m(t̃1, χ̃
0

1)∼ m(t)0.85 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4 body 3 14 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)0.95 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1, χ̃
0

2 15 27 m(χ̃
0

1)=03.65 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3-body 15 27 ∆m(t̃1, χ̃
0

1)∼ m(t) (*)1.8 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4-body 15 27 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)2.0 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 4 0.5 m(χ̃
0

1)=0 (tbc)0.25 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 4 0.5 ∆m(t̃1, χ̃
0

1)∼ m(t)0.25 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 4 0.5 ∆m(t̃1, χ̃
0

1)∼ 10 GeV0.25 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 2.5 1.5 m(χ̃
0

1)=00.75 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 2.5 1.5 ∆m(t̃1, χ̃
0

1)∼ m(t)0.75 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 2.5 1.5 ∆m(t̃1, χ̃
0

1)∼ 50 GeV(0.75 - ε) TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 m(χ̃
0

1)∼350 GeV1.5 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 ∆m(t̃1, χ̃
0

1)∼ m(t)1.5 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 ∆m(t̃1, χ̃
0

1)∼ 50 GeV(1.5 - ε) TeV

t̃1 t̃1, t̃1→tχ̃
0

1
30 100 m(χ̃

0

1)=010.8 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3-body 30 100 m(χ̃
0

1) up to 4 TeV10.0 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4-body 30 100 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)5.0 TeV

Mass scale [TeV]10−1 1

All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

(*) indicates projection of existing experimental searches

ε indicates a possible non-evaluated loss in sensitivity

Preliminary Granada 2019SUMMARY RPC STOP SQUARK SEARCH AT FUTURE COLLIDERS
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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)
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EWKINOS AT  FUTURE COLLIDERS
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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
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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
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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

30

SUSY Experimental prospects, Monica D'Onofrio23

Reference and details in back-up
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BSM Ewkinos at Muon Collider

26
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Wino Pair Production

Simple Things First

Much much better than proton collider for EW-only 
particles like Higgsino/EWKino/Sleptons …

Protons vs Muons Cross-Sections
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BSM Colored Objects at Muon Collider
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Simple Things First
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Composite Higgs model Top Partner
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Simple Things First

Typical Muon Collider Cross-Section:

HZ

VBF � H

VBF � HH

tt

ttH
5 10 15 20 25 30

0.001

0.010

0.100

1

10

100

1000

s� [TeV]

�
[fb

]

σμ = ( 10 TeV
s )

2

⋅ 1fb

Heavy BSM High-Energy SM

For Hard EW BSM or SM production: (VBF is Soft, see later)

��������	

X5/3
T2/3
StopL
StopR
Higgsino
Wino

1000 2000 3000 4000 5000
0.01

0.05
0.10

0.50
1

5
10

M [GeV]

�
[fb

]

10 TeV �+ �-

for benchmark processes



Pa
tri

zi
a 

Az
zi

 - 
O

tra
nt

o 
20

22
SUMMARY OF THE DISCOVERY REACH IN THE EWK SECTOR

28

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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BENCHMARK: SM + EXTRA SCALAR SINGLET 
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126 CHAPTER 8. BEYOND THE STANDARD MODEL
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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

Comparison of direct and indirect searches 
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SCALAR SINGLET: DIRECT VS INDIRECT REACH

30

Direct vs indirect

Compare the reach of very high energy lepton & hadron colliders
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h ⇡ �V V!�/�

SM
V V!h

For this class of models, a high-energy µ+µ- collider has an amazing reach  
if compared to single Higgs meas. or direct searches at a 100 TeV pp collider
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BENCHMARK: 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-
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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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BENCHMARK: COMPOSITE HIGGS MODEL 

➤ 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
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DARK MATTER CANDIDATES: DARK PHOTON 
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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
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DARK MATTER AT MUON COLLIDER 

➤ Searches with:

➤ Mono-muon

➤ Mono-photon

➤ Di-muon

➤ Disappearing tracks


➤

34

Dirac multiplet 
Majorana multiplet 
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Physics at e+e− Colliders
√s Processes Physics Goals Observables

91 GeV • e+e− → Z ultra-precision EW physics
sin2θeff 

MZ, ΓZ, Nν 
α, αS

125 GeV • e+e− → H limit on s-channel H production? ye

160 GeV • e+e− → W+W− ultra-precision W mass MW, ΓW

>160 GeV
• e+e− → W+W− 

• e+e− → qq,  (γ)
precision W mass and couplings
precision EW (incl. Z return)

MW, aTGC 
Nν

250 GeV • e+e− → ZH
ultra-precision Higgs mass
precision Higgs couplings

MH  
κV, κf, ΓH

360 GeV • e+e− → tt ultra-precision top mass Mtop

>360 GeV
• e+e− → tt precision top couplings
• e+e− → ZH
• e+e− → Hνν precision Higgs couplings

500+ GeV

• e+e− → ttH
• e+e− → ZHH
• e+e− → Z’ → ff
• e+e− → χχ
• e+e− → AH, H+H−

Higgs coupling to top
Higgs self-coupling
search for heavy Z’ bosons
search for supersymmetry (SUSY)
search for new Higgs bosons

ytop  
λHHH 

flavour

BSM

Special program

+Muon Collider
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FOOD FOR THOUGHT 

➤ We would like to have intensity frontier and energy frontier. 

➤ It is impossible to achieve both with a single machine.  


➤ Several complementarities between different machines, in particular lepton 
colliders and hadron colliders. 

➤ Note: hadron colliders can collide also heavy ions


➤ Currently only precision measurements of SM EWPO and Higgs can point 
the way to the scale of new physics and possibly the type of new physics. 

➤ A high energy hadron collider without a lepton collider before might not be able 

to achieve the desired precision or model independence needed

➤ A muon collider of high energy might have access to new particle masses as a 

100TeV hadron collider, but might be limited if coloured

➤ Integrated projects that try to optimise the use of the infrastructure 

(circular tunnel) for different and complementary machines and offer 
places for many detectors seem very appealing at the moment. 
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So much physics I have not shown you!


