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Particle physics is not validation anymore, rather it 
is exploration of unknown territories

W boson

Top

Higgs
SUSY, etc.

? ? ?

HEP before the LHC HEP before the F.C.

This is good:

next discovery will be revolutionary

This is bad:

F.C. potential cannot be evaluated on few uniquely identifiable  

benchmarks (e.g., Higgs for LHC).

We must assess F.C. capabilities to answer questions we consider 

relevant today, being aware that are most likely missing the right one!

Ideology
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Some Questions

A New Gauge Force?

Is there a new (very) short-distance force on top of EW+Strong? 


A Composite Higgs?

Is the Higgs point-like? If not, how big is it? 


A Natural Composite (or Supersymmetric) Higgs?

Can compositeness explain the microscopic origin of the EW scale?


Is DM a WIMP?

Plausible minimal option, even when detached from SUSY


Is the Higgs Alone?

Recurrent in many contexts, from EWBG, to SUSY, even Anthropic


Feebly Interacting Exotic Particles?

We must also explore low-coupling frontier more broadly

[from the BSM WG in Granada]

�6



Naturalness

�
m2

H

�
Phys.

=

Z 1

0
Ftrue(E; gtrue)

=

Z ⇤UV

0
(. . .) +

Z 1

⇤UV

(. . .)

“Is       Unnatural?” “Is       Unpredictable?”=
UV Contribution

c⇤UV
2

SM Contribution

�m2
H
=

3y2
t

8⇡2
⇤UV

2

� � �m2
H

m2
H

'
✓
126GeV

mH

◆2 ✓ ⇤UV

500GeV

◆2

Fine Tuning:

Measures how much Unpredictable        is.mH

⇤SM

⇤SM

⇤SM

⇤SM

⇤SM

mHmH

Unnaturalness is a challenge to Reductionism 
Dramatic paradigm shift. E.g. Anthropic or Dynamical
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Naturalness

LHC may push conventional Natural models to
� & 10

Still Naturalness might be there in the form of:
Partial Unnaturalness
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Dark Matter

WIMP invisible to DD if inelastic (automatic if Q=Y=0)
WIMP models up to 16 TeV mass (large EW multiplets)
The FC should be capable to tell if DM is WIMP *

* Here I mean thermal relics with annihilation due to SM Weak Force
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Dark Matter

WIMP invisible to DD if inelastic (automatic if Q=Y=0)

The FC should be capable to tell if DM is WIMP
WIMP models up to 16 TeV mass (large EW multiplets)

Accidental DM: stability from accidental symmetries
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- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)

Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac

triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical

band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the

outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The

relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two

allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same

mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.

The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is

shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function

of the DM mass. The LUX bound does not apply in the region of parameter space where no DM

particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac

triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical

band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the

outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The

relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two

allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same

mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.

The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is

shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function

of the DM mass. The LUX bound does not apply in the region of parameter space where no DM

particles populate the galactic disk.
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scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
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of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
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Our knowledge of the Higgs sector is so limited that 
we cannot tell if EW phase transition was first order

EW Baryogenesis 

This requires BSM states (possibly neutral) coupled to 
Higgs. Typically connected with trilinear Higgs.

The FC should be conclusive on this possibility
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The FC must allow for extensive measurements program:

• Guaranteed outcome 

• Indirect BSM (reach above collider threshold)

• Characterise discoveries

Measurements

Higgs couplings are central, but there is more
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The FC must allow for extensive measurements program:

• Guaranteed outcome 

• Indirect BSM (reach above collider threshold)

• Characterise discoveries

Measurements

EFT Low-Energy: 

• require accuracy: large lumi, low syst. and th. err

�O/O ⇠ m2
EW/⇤2

�O/O ⇠ E2/⇤2High-Energy:

•benefit from high energy and high accuracy

Ld=6

If high-energy, we can learn already from 1% measur.

Higgs couplings are central, but there is more
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The FC must allow for extensive measurements program:

• Guaranteed outcome 

• Indirect BSM (reach above collider threshold)

• Characterise discoveries

Measurements

EFT Low-Energy: 

• require accuracy: large lumi, low syst. and th. err

�O/O ⇠ m2
EW/⇤2

�O/O ⇠ E2/⇤2High-Energy:

•benefit from high energy and high accuracy

Ld=6

If high-energy, we can learn already from 1% measur.

Higgs couplings are central, but there is moreEnergy Frontier: 

new particle prod.

Accuracy Frontier:

indirect BSM tests

The Energy and Accuracy Frontier 
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Example: a simple Z’

Direct
Indirect
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Example: a simple Z’

Direct
Indirect
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Present (LEP)

Notice how much improvement is possible at (HL-)LHC!
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Example: a simple Z’

Future Colliders Reach compilation:
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Only CLIC can compete with Had.Coll, because of large En.
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Composite Higgs

From a variety of direct and indirect probes
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Composite Higgs

Notice potential improvement from LEP + mW, sW @HL-LHC
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Current (LEP). Approximate

From mW, sW
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Composite Higgs
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Future Colliders Reach compilation:
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Future Colliders Reach compilation:

Composite Higgs

Higgs Compositeness scale: [max m*=1/lH the collider is sensitive to]

Natural Higgs Compositeness: [H coup., or direct top-partners reach]
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FCC can reach thermal Higgsino and Wino

CLIC, only thermal Higgsino.

Minimal WIMP DM

DM: Classic WIMPs  
■  Two “extremes”, pure Wino, pure Higgsino 

◆  Main “tools”: disappearing track, propagator modifications 

May 16, 2019 PPG: BSM physics  27 
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For small Δm, soft π±... 

1

EWKinos in loop change prop 
(W, Y parameters) π± 

π± 
Main tools are disappearing tracks and indirect loop effects

Only the muon collider could cover the entire WIMP space
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EW Phase Transition

The scenario will be first and better probed by 1-H.

Role of 3-H (as usual) overemphasised.
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Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

phase transition can occur with much weaker indirect collider signatures than in the above two exam-
ples. However, it will still be testable with certain future colliders.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘
1

6

d
3
�
V0(h) + V

CW

0 (h)
�

dh3

�����
h=v

=
m

2
h

2v
+

�
3
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v
3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�

SM
3 in the (mS ,�HS) plane. For

illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.
As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is

correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�

SM
3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase

transition.
One can measure �3 through double higgs production. The cross-section for producing a pair

of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS ,�HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.
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Direct probes of extra scalar only at CLIC and FCC-ee

Indirect from H 3-linear and single Higgs couplings
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FIPS

Main probes are long-lived particle searches, and invisible/
untagged Higgs decays.

Advantage of hadron colliders of high rate to be exploited with dedicated 
detectors. The 1012 Z bosons at FCCee are also very useful.
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Very High Energy Lepton Collider

14 TeV VHEL as good as 100 TeV pp
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Great direct reach, no waste due to pdf!
Muon collider, or e+ e- plasma (?), from 10 to 30 TeV. 
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Very High Energy Lepton Collider

Great direct reach, no waste due to pdf!
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Very High Energy Lepton Collider

Muon collider, or e+ e- plasma (?), from 10 to 30 TeV. 
Great direct reach, no waste due to pdf!

Amazing indirect reach, by high energy measurements. 
Like CLIC, but 10 times better! 
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Very High Energy Lepton Collider

Reach on Higgs Compositeness:

(very) tentative   [Buttazzo, Franceschini, AW. in prog.]
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Very High Energy Lepton Collider
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Conclusions
The physics case of the F.C. must be broad and varied

  Weak theory guidance leads us to proceed in “exploratory” mode

Only a very limited subset could be covered here

  Also not touching at all crucial issues like characterisation of discoveries
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Which Future Collider?

   Several options for a groundbreaking Higgs program [ILC/CEPC/…]

   CLICall and FCCall do more for BSM searches 

   Many advantages of FCCall=ee+hh_eh: direct reach; 1012Z;  high FIP rate; …

   Also, it serves a broader user community [e.g., flavour, QGP]
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Conclusions
The physics case of the F.C. must be broad and varied

  Weak theory guidance leads us to proceed in “exploratory” mode

Measurements (i.e., indirect BSM) will also be central

   Combining Higgs, EW, top, Z-pole, High-Energy Probes

   Abandon artificial separation and adopt common language 

Only a very limited subset could be covered here

  Also not touching at all crucial issues like characterisation of discoveries

A Very High Energy Muon Collider is a Dream!

   Could it become reality? Requires R&D!!

Which Future Collider?

   Several options for a groundbreaking Higgs program [ILC/CEPC/…]

   CLICall and FCCall do more for BSM searches 

   Many advantages of FCCall=ee+hh_eh: direct reach; 1012Z;  high FIP rate; …

   Also, it serves a broader user community [e.g., flavour, QGP]
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M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-2: allowing BSM and Invisible

�16
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M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-0: No BSM Width

�15

Zooming in for visibility - different x ranges per parameter  
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Backup

Alain Blondel  Experiments at muon colliders CERN 2015-11-18
18 Nov 2015 25
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Backup

Patrick Janot

Higgs boson production (2)
� Muons are heavy, unlike electrons: mP/me ~ 200

� Large direct coupling to the Higgs boson: V(P+P-ÆH) ~ 40,000 × V(e+e-ÆH) 

� Much less synchrotron radiation, hence potentially superb energy definition

z dE/E can be reduced to 3-4 × 10-5 with more longitudinal cooling

Î Albeit with equivalent reduction of luminosity: 2 – 8 × 1031 cm-2s-1

24 Sept 2015
FCC-ee Higgs mini-workshop

10

X

X

(1): with ISR
(2): dE/E = 3×10-5

(3): dE/E = 6×10-5

S. Jadach, R.A. Kycia
arXiV:1509.02406

• V(P+P- → H) ~ 15 pb
(ISR often forgotten...)

• 200 – 800 pb-1 / yr

• 3000 – 12000 Higgs / yr

Reminder: At FCC-ee
400,000 to 800,000 Higgs/yr

√s (GeV) Not quite there, even with factor 10
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Backup

Low emittance μ from e+ on target 

                                                 [Antonelli, Boscolo, di Nardo, Raimondi, 2016] 
•avoids cooling
• few circulating μ            little radiological hazard and machine bckg.SchemaSc+Layout+for+muon+source+from+e++

Key%point:%
Positron%source%requirements%strictly%related%
to%the%e+%ring%momentum%acceptance%%

e++

µ++

µP+

Positron+ring++
+

e++injector+

To+
acceleraSng+
complex+

target+

60+m+isochronous+rings+
++recombine+bunches+

µ++accumulator+
µP++accumulator+

+for+~+1+τµ
lab++~2500+turns+

Circumference% 6%km%

ρ # 0.6+km+

number+e++bunches+ 100+

e++bunch+spacing+ 200+ns+

Beam+current++ 240+mA+

e++ParScles/bunch+ 3+k+1011++

Rate+e++on+target+ 1.5+k+1018+e+/s++

U0+ 0.58+GeV+

Ptot+ 139+MW+

B+ 0.245+T+

Ideally muons will copy the positron beam

e+ beam Beam with e+ and µ+µ-  target

Challenges:


•e+ source (embedded?)

• target breakdown
• top up muons?
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Backup

Radiological Hazard

10

Fig. 4. Some typical geometrical features of the neutrino radiation from an
underground muon collider: L2 = 2Rtd-d2, sinφ = L/Rt, h ≈ z tanφ, θ ≈ 1/γ, a ≈ 2θL,
b ≈ a/φ. Rt is the radius of the Earth.

The last, obvious, solution to decrease the neutrino radiation dose is to
decrease the muon current in the ring. This would imply changes to the machine
parameters requiring substantial R&D work.  The use of Optical Stochastic Cooling
and/or beam-beam tune-shift compensation [13] are speculative proposals to this end.
But the study of parameter sets for muon colliders in the CoM energy range of 5 TeV
and above still offers much scope for invention.

It should be recalled that the present estimates only represent a first approach.
A more comprehensive evaluation of the problem may require a detailed Monte Carlo
calculation by a code treating neutrino transport, which at present is only provided by
MARS [8]. In addition to the collider energy, other relevant parameters to be
considered are the number, location and length of the straight sections. The
enhancement factor of the neutrino fluence due to a straight section is a critical issue
which needs to be carefully assessed. Important is also the choice of orientation,
positioning and possible tilting of the collider ring, as well as the site selection of the
accelerator complex. Disregarding "exotic" solutions such as installing the collider on
top of a mountain (in order that the radiation halo is above ground level) or at a few
hundred metre depth in the sea, in the case of CERN the site selection is limited to the
French region presently housing the SPS and LEP. The actual orography of the region
must be taken into account, as locally there may be significant deviations in the

b

Rt

d

h
L

z

θ∼1/γθ∼1/γ

φ

a

ν

Annual+dose+

+muon+rate:+p+on+target+opSon+3+1013+µ/s+
++++++++++++++++++++e++on+target+opSon++9+1010+µ/s+
+

1+mS/year+

p+on+target++

e++on+target++

Helicoidal Orbits?? 

Rolandi’s pipe??
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