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

* Not necessarily a bad thing. Columbus left for his trip just 
because he had no idea of where he was going !!

HEP before the LHC HEP before the F.C.
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Ideology

?

No single experiment can explore all directions at once.
None can guarantee discoveries.
The next big FC will exist only if capable to explore many 
directions, and be conclusive on some of those
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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

Beyond MDM
• A millicharge can effectively stabilise the DM: � ⇠ (1, n, ✏) (1)

� = 0 (2)

� � · SM · SM (3)

� � · (SM particle) · (SM particle) (4)

� ⌧ 1 (5)

O6 =
c6
⇤2

e↵

qqq` (6)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (7)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (8)

O5 =
c5
⇤e↵

``HH (9)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (10)

� (11)

���H (12)

Q 6= 0 (13)

Y 6= 0 (14)

m� & 45 GeV (15)

�m . 20 GeV (16)

�5 ⇠
m3

�

⇤2

e↵

⇡ (0.1 s)�1 (17)

�6 ⇠
m5

�

⇤4

e↵

⇡ (1020 s)�1 (18)

3

- 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
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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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Searched for directly, but also indirectly 
EWIMP
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Figure 1: Corrections to the di-fermion (di-muon) production process from a fermionic EWIMP.

The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3
If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current

direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process

gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be

3



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 must be conclusive on this possibility.
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on BSM scale, by at least a few

If Everything Fails

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

Measurements also characterise new physics, 
if discovered.

Must be able to measure SM proc.’s, at %
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2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider

�H(E, sH) =
1

sH

Z 1

E2/sH

d⌧

⌧

dL

d⌧
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Hadron coll. operating at energy √sH.

Cross section for reaction at E.

Parton Luminosity suppression

Lepton coll. operating at energy √sL.

Cross section for reaction at E~√sL

(e.g., production of BSM with M~√sL)



Find equivalent √sH for Had. Coll. have same cross-section as Lep. Coll. 
for reactions at E~√sL. Use that        is nearly constant in τ.
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the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,
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Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
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Very High Energy muon collider would be a discovery machine, with a direct reach on
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one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution

Muon Colliders
Much better direct reach than hadron colliders !
Lepton coll. operating at energy √sL.

Cross section for reaction at E~√sL

(e.g., production of BSM with M~√sL)



Find equivalent √sH for Had. Coll. have same cross-section as Lep. Coll. 
for reactions at E~√sL. Use that        is nearly constant in τ.

2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�
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it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.
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[4] as essential for fundamental physics. The most ambitious project in this direction is
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developed in much greater details in parallel with the accelerator feasibility studies.
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collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum
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2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the
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the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider

�H(E, sH) =
1

sH

Z 1

E2/sH

d⌧

⌧

dL

d⌧
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(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
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investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.
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collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum
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tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
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⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
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just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
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equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
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Plenty of examples can be made to refine the claim
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tion cross-sections at di↵erent colliders
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The muon collider must:

Muon Colliders Requirements Specification

2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 

1) Run for a reasonable time: 1034cm-2s-1 = 500fb-1/(5yrs)
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3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?

4) Probe DM in mono-γ/W/Z, EW singlets, L>?
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0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing



The muon collider must:

Muon Colliders Requirements Specification

2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 

1) Run for a reasonable time: 1034cm-2s-1 = 500fb-1/(5yrs)

     “reasonable” for FC means 5yrs. Much less than other projects!  

N = 400
yrs

5

✓
10TeVp

s

◆2 L

1034cm�2s�1
<latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit>

L >
1

4

5

yrs

✓ p
s

10TeV

◆2

1034cm�2s�1

<latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit>

3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?

4) Probe DM in mono-γ/W/Z, EW singlets, L>?

L > 2
5

yrs

✓ p
s

10TeV

◆2

1035cm�2s�1

<latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit>

0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing



The muon collider must:

Muon Colliders Requirements Specification

2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 

1) Run for a reasonable time: 1034cm-2s-1 = 500fb-1/(5yrs)

     “reasonable” for FC means 5yrs. Much less than other projects!  

N = 400
yrs

5

✓
10TeVp

s

◆2 L

1034cm�2s�1
<latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit>

L >
1

4

5

yrs

✓ p
s

10TeV

◆2

1034cm�2s�1

<latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit>

3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?

4) Probe DM in mono-γ/W/Z, EW singlets, L>?

L > 2
5

yrs

✓ p
s

10TeV

◆2

1035cm�2s�1

<latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit>

0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing



The muon collider must:

Muon Colliders Requirements Specification

2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 

1) Run for a reasonable time: 1034cm-2s-1 = 500fb-1/(5yrs)

     “reasonable” for FC means 5yrs. Much less than other projects!  

N = 400
yrs

5

✓
10TeVp

s

◆2 L

1034cm�2s�1
<latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit>

L >
1

4

5

yrs

✓ p
s

10TeV

◆2

1034cm�2s�1

<latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit>

3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?

4) Probe DM in mono-γ/W/Z, EW singlets, L>?

L > 2
5

yrs

✓ p
s

10TeV

◆2

1035cm�2s�1

<latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit>

0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing



The muon collider must:

Muon Colliders Requirements Specification

2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 

1) Run for a reasonable time: 1034cm-2s-1 = 500fb-1/(5yrs)

     “reasonable” for FC means 5yrs. Much less than other projects!  

N = 400
yrs

5

✓
10TeVp

s

◆2 L

1034cm�2s�1
<latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit>

L >
1

4

5

yrs

✓ p
s

10TeV

◆2

1034cm�2s�1

<latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit>

3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?

4) Probe DM in mono-γ/W/Z, EW singlets, L>?

L > 2
5

yrs

✓ p
s

10TeV

◆2

1035cm�2s�1

<latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit>

0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing



The muon collider must:

Muon Colliders Requirements Specification

2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 

1) Run for a reasonable time: 1034cm-2s-1 = 500fb-1/(5yrs)

     “reasonable” for FC means 5yrs. Much less than other projects!  

N = 400
yrs

5

✓
10TeVp

s

◆2 L

1034cm�2s�1
<latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit><latexit sha1_base64="LY8g+tiUW08ohmc5XAr05EtTV30="></latexit>

L >
1

4

5

yrs

✓ p
s

10TeV

◆2

1034cm�2s�1

<latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit><latexit sha1_base64="DnmYWZpzUmoUrQKSO/0ILwFQzFE="></latexit>

3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?

4) Probe DM in mono-γ/W/Z, EW singlets, L>?

L > 2
5

yrs

✓ p
s

10TeV

◆2

1035cm�2s�1

<latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit>

0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing



Both MAP and LEMMA

claim they can make it

Muon Colliders Requirements Specification

5

Lepton Colliders Luminosity

J.P.Delahaye ARIES wokshop (July 03, 2018)

comparable+luminosity+wrt+
standard+design+with+lower+
Nµ/bunch(lower+background)++
Thanks+to+very+small+
emiaance++(and+lower+beta*)+++

Of+course,+a+design+
study+is+needed+to+
have+a+reliable+
esSmate+of+

performances++

Dran+Parameters+

Cg=!
0,000088

5!  !  !
re=! 2,83E-15!  !  !

e++ERL/LINAC+ e++STORAGE+RING+
 !  ! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT!
Parameter! Units! Higgs ! Higgs! ZH! Top! ILC-like! ILC-like-1000! MultiTeV! MultiTeV! MultiTeV!
LUMINOSITY/IP! cm-2 s-1! 4,15E+31! 1,69E+31! 7,06E+31! 1,54E+32! 2,94E+32! 1,18E+33! 5,08E+34! 2,03E+35! 9,03E+35!
Beam Energy spread! %! 0,46! 3,17! 1,65! 1,13! 0,79! 0,40! 0,07! 0,03! 0,01!
Beam Energy ! GeV! 62,50! 62,50! 120! 175! 250! 500! 3000! 6000! 15000!
Hourglass reduction factor!  ! 1,00! 1,00! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000!
Muon mass! GeV! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566!
Lifetime @ prod! sec! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06!
Lifetime! sec! 0,0013! 0,0013! 0,0025! 0,0036! 0,0052! 0,0104! 0,0625! 0,1249! 0,3123!
c*tau @ prod! m! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00!
c*tau! m! 3,89E+05! 3,89E+05! 7,47E+05! 1,09E+06! 1,56E+06! 3,11E+06! 1,87E+07! 3,74E+07! 9,34E+07!
1/tau! Hz! 7,68E+02! 7,68E+02! 4,00E+02! 2,74E+02! 1,92E+02! 9,61E+01! 1,60E+01! 8,00E+00! 3,20E+00!
Circumference! m! 150,00! 150,00! 300! 450! 600! 1200! 6000! 12000! 27000!
Bending Field! T! 15,00! 15,00! 15! 15! 15! 15! 15! 15! 15!
Bending radius! m! 13,89! 13,89! 27! 39! 56! 111! 667! 1333! 3333!

Magnetic rigidity! T m! 208,33! 208,33! 400! 583! 833! 1667! 10000! 20000! 50000!

Gamma (Lorentz factor)!  ! 591,52! 591,52! 1135,72! 1656,26! 2366,08! 4732,16! 28392,96! 56785,92! 141964,79!
N turns before decay!  ! 2594,80! 2594,80! 2491,01! 2421,81! 2594,80! 2594,80! 3113,76! 3113,76! 3459,73!
βx @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
βy @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
Beta ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Coupling (full current)! %! 100! 100! 100! 100! 100! 100! 100! 100! 100!
Normalised Emittance x ! m! 5,90E-09! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08!
Emittance x ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance y ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Bunch length (full current)! mm! 0,10! 0,10! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1!
Beam current! mA! 0,64! 0,04! 0,040! 0,040! 0,040! 0,040! 0,048! 0,048! 0,043!
Revolution frequency! Hz! 2,00E+06! 2,00E+06! 9,99E+05! 6,66E+05! 5,00E+05! 2,50E+05! 5,00E+04! 2,50E+04! 1,11E+04!
Revolution period! s! 0,00! 0,00! 1,00E-06! 1,50E-06! 2,00E-06! 4,00E-06! 2,00E-05! 4,00E-05! 9,00E-05!
Number of bunches! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
N. Particle/bunch! #! 2,00E+09! 1,20E+08! 2,50E+08! 3,75E+08! 5,00E+08! 1,00E+09! 6,00E+09! 1,20E+10! 2,40E+10!
Number of IP! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
σx @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σy @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σx' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!
σy' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!

++ ++

Low+
Emiaance+
Muon+
Muon++
Accelerator+



But also:
5) Comply with radiation limit from neutrino flux

     must be possible to bound emittance as function of energy and lumi

Muon Colliders Requirements Specification

6) Produce low enough background level

     again pointing towards low emittance 



Conclusions

Muon colliders are interesting because of their potentially 
extraordinary direct exploration reach.


Theorists would love studying physics case extensively. 

[Also opportunity to investigate poorly understood IR EW effects.]

 

Higgs pole (see backup) could be a demonstrator, but:

1. Decent physics case only if no other lepton collider is built before

2. Poses significant extra challenges

3. Impossible with LEMMA. On the other hand, LEMMA requires 

~45GeV=mZ/2 high intensity positron beam …  


Muon collider: dream or reality?
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Backup

Patrick Janot

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

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

• (+- → 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


