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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

Thermal Freeze-Out is the simplest explanation of DM.

All you need is:

• A nearly stable BSM particle (τ>τU~1010yrs)

• Charge and color neutral

• With annihilation cross-section σ(DM DM → all)~1 pb


Basic idea: DM gets too rare to annihilate, so it remains below its mass

[For recent lectures, see e.g. arXiv:1603.03797]

WIMP* is the simplest Thermal Freeze-Out scenario.

No new force required, annihilation through Weak Force:

* Here I mean thermal relics with annihilation due to SM Weak Force
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Range barely probed by LHC, naively excluded by Direct Detection 
[even if there are caveats, e.g. Higgsino DM @ 1TeV still OK] 



Dark Matter

Thermal Freeze-Out is the simplest explanation of DM.

All you need is:

• A nearly stable BSM particle (τ>τU~1010yrs)

• Charge and color neutral

• With annihilation cross-section σ(DM DM → all)~1 pb


Basic idea: DM gets too rare to annihilate, so it remains below its mass

[For recent lectures, see e.g. arXiv:1603.03797]

WIMP* is the simplest Thermal Freeze-Out scenario.

No new force required, annihilation through Weak Force:

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

� ⇠
✓
g2

4⇡

◆2
1

M2
⇠ 1 pb

✓
650GeV

M

◆2

<latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit>

Range barely probed by LHC, naively excluded by Direct Detection 
[even if there are caveats, e.g. Higgsino DM @ 1TeV still OK] 



Dark Matter

Thermal Freeze-Out is the simplest explanation of DM.

All you need is:

• A nearly stable BSM particle (τ>τU~1010yrs)

• Charge and color neutral

• With annihilation cross-section σ(DM DM → all)~1 pb


Basic idea: DM gets too rare to annihilate, so it remains at T below its mass

[For recent lectures, see e.g. arXiv:1603.03797]

WIMP* is the simplest Thermal Freeze-Out scenario.

No new force required, annihilation through Weak Force:

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

� ⇠
✓
g2

4⇡

◆2
1

M2
⇠ 1 pb

✓
650GeV

M

◆2

<latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit>

Range barely probed by LHC, naively excluded by Direct Detection 
[even if there are caveats, e.g. Higgsino DM @ 1TeV still OK] 



Dark Matter

Thermal Freeze-Out is the simplest explanation of DM.

All you need is:

• A nearly stable BSM particle (τ>τU~1010yrs)

• Charge and color neutral

• With annihilation cross-section σ(DM DM → all)~1 pb


Basic idea: DM gets too rare to annihilate, so it remains at T below its mass

[For recent lectures, see e.g. arXiv:1603.03797]

WIMP* is the simplest Thermal Freeze-Out scenario.

No new force required, annihilation through Weak Force:

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

� ⇠
✓
g2

4⇡

◆2
1

M2
⇠ 1 pb

✓
650GeV

M

◆2

<latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit>

Range barely probed by LHC, naively excluded by Direct Detection 
[even if there are caveats, e.g. Higgsino DM @ 1TeV still OK] 



Dark Matter

Thermal Freeze-Out is the simplest explanation of DM.

All you need is:

• A nearly stable BSM particle (τ>τU~1010yrs)

• Charge and color neutral

• With annihilation cross-section σ(DM DM → all)~1 pb


Basic idea: DM gets too rare to annihilate, so it remains at T below its mass

[For recent lectures, see e.g. arXiv:1603.03797]

WIMP* is the simplest Thermal Freeze-Out scenario.

No new force required, annihilation through Weak Force:

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

� ⇠
✓
g2

4⇡

◆2
1

M2
⇠ 1 pb

✓
650GeV

M

◆2

<latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit><latexit sha1_base64="anTlA7GWT6mnsHFEglREoJNeRk8="></latexit>

Range barely probed by LHC, naively excluded by Direct Detection 
[even if there are caveats, e.g. Higgsino DM @ 1TeV still OK] 



Minimal Dark Matter

However, WIMP can have tens of TeV mass:

[arXiv:hep-ph/0512090, arXiv:1512.05353]
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Large n-plet of SU(2)
XX ∗ → AA. We find4

⟨σAv⟩ ≃ g4
2 (3 − 4n2 + n4) + 16 Y 4g4

Y + 8g2
2g

2
Y Y 2(n2 − 1)

64π M2 gX
if X is a scalar (12)

where gX = 2n for a complex scalar and gX = n for a real scalar.

If X is a fermion, annihilations into gauge bosons are again described by eq. (12), where
now gX = 4n for a Dirac fermion and gX = 2n for a Majorana fermion. Furthermore, now
also fermion and Higgs final states contribute to the s-wave cross section of annihilations plus
co-annihilations (notice that when Y = 0 only co-annihilations are present). The result is

⟨σAv⟩ ≃ g4
2 (2n4 + 17n2 − 19) + 4Y 2g4

Y (41 + 8Y 2) + 16g2
2g

2
Y Y 2(n2 − 1)

128π M2 gX
if X is a fermion.

(13)
Table 1 shows the values of M needed to reproduce all the observed DM.5 Within the standard
ΛCDM cosmological model, present data demand ΩDMh2 = 0.110± 0.006 i.e. nDM/s = (0.40±
0.02) eV/M [15]. In all cases it turns out that M2 ≫ M2

W,Z , justifying our approximation of
neglecting SU(2)L-breaking corrections to ⟨σAv⟩. Since ΩDM ∝ M2, the values of M reported
in table 1 suffer a 3% experimental uncertainty. We report numerical values indicating only
the experimental uncertainty because it is difficult to quantify the theoretical uncertainty: it
can give a comparable contribution, and can be reduced by performing refined computations.

In the scalar case, the non-minimal couplings in eq. (4) are generically allowed and give
extra annihilations into higgses:

⟨σAv⟩extra =
|λ′

H |2 + (n2 − 1)|λH |2/16

16π M2 gX
if X is a non-minimal scalar. (14)

(no interference terms are present). The contribution from λH is negligible for the values that
allow to neglect its effect on mass splittings (discussed in eq. (5)), and the contribution from
λ′

H is negligible for |λ′
H | ≪ g2

Y , g2
2. We assume that this is the case so that these extra terms are

negligible for all candidates with electroweak interactions.6 In this paper we assume that this is

4We here only make use of

Tr T aT b = δab n

12
(n2 − 1), TrT aT aT bT b =

n

16
(n2 − 1)2 TrT aT bT aT b =

n

16
(n2 − 5)(n2 − 1)

where T a are the SU(2)L generators in the representation with dimension n. The neutral DM component in
the X multiplet has vector-like NC gauge interactions with the Z boson and vector-like CC interactions with
the W± boson and with the charged DM∓ component. The gauge couplings are

g±CC =
g√
2
·
√

n2 − (1 ∓ 2Y )2

2
, gNC =

g Y

cW

.

5 As discussed in later works (J. Hisano et al., hep-ph/0610249 and M. Cirelli et al., 0706.4071) non pertur-
bative corrections affect the cosmological density in an important way with respect to the perturbative result
obtained here.

6However, when X is a neutral scalar singlet, these non-minimal annihilations are the only existing ones:
the observed amount of DM is obtained for M ≈ 2.2 TeV|λ′

H | (we are assuming M ≫ MZ ; for generic values of
M the correlation between M and λ′

H was studied in [14]). We stick to the minimal setup so that the singlet
is not a useful candidate for our purposes. This holds a fortiori for the case of fermionic DM.
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Larger charge requires larger mass to keep σ right.

Subtle effects like Sommerfeld further raise M




Minimal Dark Matter
[arXiv:hep-ph/0512090, arXiv:1512.05353]

Minimal DM is a very appealing possibility:

• Large multiplets make DM Accidentally Stable (no decay at ren. level)

• Large multiplets preserve SM Accidental Symmetries (e.g., stable prot.)

• Easily evades DD because of inelastic scattering (automatic if Q=Y=0)

Beyond MDM
• A millicharge can effectively stabilise the DM: � ⇠ (1, n, ✏) (1)
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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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[Del Nobile, Nardecchia, Panci 1512.05353]
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� SMH(H†) (9)
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� [TeV]

(1, 3, ✏)CS 1.5
(1, 3, ✏)DF 2.0
(1, 3, 0)MF 3.0
(1, 5, ✏)CS,DF 6.6
(1, 5, 0)MF 9.6
(1, 7, ✏)CS,DF 16

(1, 3, ✏)CS (12)

� ⇠ (1, n, ✏) (13)

� = 0 (14)

� � · SM · SM (15)
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SM quartic λ=0.13 more than 2 times larger.
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SM quartic λ=0.13 more than 2 times larger.

Needs BSM states coupled to Higgs. Since Higgs 
potential modified, connection with trilinear Higgs.



A benchmark scenario is the scalar singlet: [arXiv:1606.09408 + ref.s]

EW Baryogenesis 

Also benchmark for other BSM [see arXiv:1807.04743 + ref.s]

Scalar singlet extensions. The simplest extension of the SM scalar sector entails the addition of a single,
real gauge singlet S. In the NMSSM, of course, the new singlet must be complex, but many of the generic
EWPT features of well-motivated singlet extensions can be studied using the real singlet extension, the
“xSM". The most general, renormalizable potential has the form24

V (H, S) = �µ2
⇣
H†H

⌘
+ �

⇣
H†H

⌘2
+

a1

2

⇣
H†H

⌘
S (56)

+
a2

2

⇣
H†H

⌘
S2 +

b2

2
S2 +

b3

3
S3 +

b4

4
S4 .

The presence of the cubic operators implies that S will have a non-vanishing vev at T = 0. Diagonalizing
the resulting mass-squared matrix for the two neutral scalars leads to the mass eigenstates

✓
h1

h2

◆
=

✓
cos ✓ sin ✓

� sin ✓ cos ✓

◆✓
h
s

◆
(57)

The mixing angle ✓ and h1,2 masses m1,2 are functions of the parameters in Eq. (56) and of the doublet
and singlet vevs, once the minimization conditions are imposed.

For positive b2, the cubic operator H†HS will induce a barrier between the origin and the EWSB
minimum wherein both hH0

i and hSi are non-vanishing25. For an appropriate range of the potential
parameters the transition to the EWSB can be strongly first order. For b2 < 0, a minimum along the
S-direction will occur with singlet vev hSi = x0. It is possible that the Higgs portal operator H†HS2

can generate a barrier between the (hH0
i,hSi = (0, x0) minimum and an EWSB minimum wherein

hH0
i 6= 0, even in the absence of cubic terms in Eq. (56) . The thermal history in the latter case involves

a two-step transition to the EWSB vacuum, with a first step to the (0, x0), followed by a second transition
to the EWSB vacuum [318, 319]. Under suitable conditions, the latter transition may also be strongly
first order. Studies carried out to date indicate [318,319,324] that a SFOEWPT can arises when the mass
m2 of the singlet-like scalar is less than one TeV for perturbative values of the couplings in in Eq. (56).
The phenomenological probes for this scenario are discussed in Section 6.3.3 below.

For much larger masses, it is appropriate to integrate the singlet out of the theory, leading to
additional terms in the effective Higgs Lagrangian of the form [325]
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O6 = (H†H)3 . (60)

A SFOEWPT can arise if
2v4

m2
H

<
m2

S

a2
1a2

<
6v4

m2
H

. (61)

Precision Higgs studies, such as a measurement of �(e+e� ! Zh) or the Higgs cubic coupling, could
probe this regime.

An instructive special case of the xSM is obtained by imposing a Z2 symmetry on the potential
in Eq. (56). The number of free parameters in this scenario, which was studied in detail by the authors
of ref. [318], is reduced to just three (singlet mass, quartic coupling and Higgs portal coupling), making

24We eliminate a term linear in S by a linear shift in the field by a constant.
25In the region where S > 0 one must have a1 < 0 for this to occur.
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first order. Studies carried out to date indicate [318,319,324] that a SFOEWPT can arises when the mass
m2 of the singlet-like scalar is less than one TeV for perturbative values of the couplings in in Eq. (56).
The phenomenological probes for this scenario are discussed in Section 6.3.3 below.

For much larger masses, it is appropriate to integrate the singlet out of the theory, leading to
additional terms in the effective Higgs Lagrangian of the form [325]
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Precision Higgs studies, such as a measurement of �(e+e� ! Zh) or the Higgs cubic coupling, could
probe this regime.

An instructive special case of the xSM is obtained by imposing a Z2 symmetry on the potential
in Eq. (56). The number of free parameters in this scenario, which was studied in detail by the authors
of ref. [318], is reduced to just three (singlet mass, quartic coupling and Higgs portal coupling), making

24We eliminate a term linear in S by a linear shift in the field by a constant.
25In the region where S > 0 one must have a1 < 0 for this to occur.
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Figure 10. Summary of the nightmare scenario’s parameter space. Gray shaded regions require non-
perturbative �S > 8 and are not under theoretical control, see Section 2.2. Red shaded region with red
boundary: a strong two-step PT from tree-effects is possible for some choice of �S , see Section 3.1. Orange
shaded region with orange boundary: a strong one-step PT from zero-temperature loop-effects is possible, see
Section 3.1.2. Gray-Blue shading in top-right corner indicates the one-loop analysis becomes unreliable for
�HS & 5(6) in the one-step (two-step) region, see Section 3.1.3 and 3.2.2. In the blue shaded region, higgs
triple coupling is modified by more than 10% compared to the SM, which could be excluded at the 2� level by
a 100 TeV collider, see Section 5.1. In the green shaded region, our simple collider analysis yields S/

p
B  2

for VBF production of h⇤
! SS at a 100 TeV collider, see Section 4. (In both cases assume 30 ab�1 of

data.) In the purple shaded region, ��Zh is shifted by more than 0.6%, which can be excluded by TLEP, see
Section 5.2. Note that both EWBG preferred regions are excludable by XENON1T if S is a thermal relic, see
Section 6.

searches through VBF production of h⇤ ! SS at a 100 TeV collider are sensitive. The purple region
shows where TLEP can probe the scenario by measuring ��Zh.

The entire one-step phase transition region, and much of the two-step region, can be probed with
the �3 and ��Zh measurements. Furthermore, our simple collider analysis for the sensitivity of VBF
direct singlet production yields S/

p
B > 2 in almost the entire two-step region. It may therefore

be possible to exclude the entire two-step region with a more complete analysis [74], or with more
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Higgs couplings are central, but there is more
lepton collider Higgs XS

VV-fusion single and double Higgs 
channels are huge!

Due to Effective W emission. 

Refs:

      S. Dawson Nucl.Phys. B249 (1985) 42-60

      refs in arXiv:1807.04743 [application to μ-coll.]
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And why CLIC@3TeV can probe 30 TeV scale!
One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 33 for �sys = 0.1%, 1%.
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Fig. 33: Left) 95% C.L. limit in the g?-M? plane assuming CLIC operation with polarized beams and
0.1% systematics. Right). The same assuming 1% systematic errors. [COMPARE WITH CURRENT
LIMITS]

Status: First draft.

– I will re-check everything in the results looking for possible bugs, etc.
– I will continue working in the text. May make some changes in the presentation.
– References missing. Will add more and fill the blanks.
– Sept 9, 2018: notation fixed to be consistent with table 1. Minor changes.

Important comments:

– Assuming 0.1% or 1% systematics seems to make quite a lot of difference in terms of new
physics reach. We need to figure out what is the right order of magnitude one expects for the
correct systematics to make a final reasonable claim. We will discuss with Philipp about this,

– Also related: all systematics in the study were taken as uncorrelated. I will try to study the
impact of assuming fully correlated systematics.

– Because of the absence of a Whizard beam card for the CLIC run at 1.5 TeV. The simulations
for that part were performed for the ”old” CLIC run of 1.4 TeV (this is also what was done
is the Top paper). We will also check with Philipp about the best way to proceed about this.

– Once final, the results should be taken into account in the composite Higgs part of the docu-
ment. Is there any other section where they may be relevant?

2.7 Global effective-field-theory analysis of top-quark pair production
Gauthier Durieux, Ignacio García García, Martín Perelló Roselló, Philipp Roloff, Rickard Strom, Marcel
Vos, Nigel Watson, Alasdair Winter, Cen Zhang

STATUS: COMPLETE
We discuss in this section the indirect sensitivity to physics beyond the standard model gained

through precision measurements of the top-quark pair production. Various observables are considered in
the framework of the effective field theory introduced in section 2, and the dependence on the centre-of-
mass energy and the beam polarization are quantified. Are considered, all ten dimension-six operators
of the Warsaw basis which involve a top quark and interfere with the leading-order standard-model
e+e�

! t t̄ ! bW+b̄W� amplitudes in the vanishing b mass limit. CP-violating and four-fermion
operators are included. Realistic statistical uncertainties on cross section, forward-backward asymmetry

55
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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
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[ŝ�̂]

H
, �L(sL) =

1

sL
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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

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
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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
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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
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,
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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;
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,
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sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,
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developed in much greater details in parallel with the accelerator feasibility studies.
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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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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
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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
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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
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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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0) Reach interesting energies:

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

The first “New μ-coll.” reach projection: 
[arXiv:1807.04743]
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Figure 7. Sensitivies of very high energy hadron and muon colliders at 95% C.L. in the plane (m�, sin
2 �).

The red lines show the reach in � ! ZZ of HE-LHC at
p
s = 27 TeV (dashed) and FCC-hh at

p
s = 100 TeV

(dotted), both with 3 ab�1. The solid lines show the reach in � ! hh(4b) of a muon collider at
p
s = 6 TeV

with 6 ab�1 (green), and at
p
s = 14 TeV with 14 ab�1 (blue). We have fixed BR�!hh = BR�!ZZ = 25%. The

grey dashed lines show two possible scalings for s� , as described in Section 2.1 (g⇤ = 1 in both cases).

production cross-section of a generic resonance decaying to hh, at lepton machines from 1.5 TeV to
14 TeV of center-of-mass energy. Since these searches are essentially background-free for large masses,
they are dominated by statistical errors. We discuss the impact of systematic errors in more detail in
Appendix B, also in relation with possible target luminosities for muon colliders.

Here, we show in Figure 7 the 95% C.L. sensitivities in the plane (m�, sin
2 �) at

p
s = 6 TeV

and 14 TeV, for total integrated luminosities of 6 ab�1 and 14 ab�1, respectively. We also compare
the reach of muon colliders to the one of high-energy hadron collider proposals such as HE-LHC and
FCC-hh. The take-home message of this comparison is that HELCs in the very high energy regime
could become very powerful discovery machines, even stronger than future hadronic colliders, at least
for New Physics mostly coupled to the Higgs sector.

4 Single Production & Beyond the Standard Model Scenarios

In this section we discuss the implication of the CLIC reach on singlet resonances in well motivated
Beyond the Standard Model (BSM) scenarios.

4.1 NMSSM

In the NMSSM, the particle content of the MSSM is extended with a singlet of the SM gauge group S,
so that the superpotential reads W = WMSSM + �SHuHd + f(S), with f a polynomial up to degree 3.
The SM-like Higgs boson mass receives an extra tree-level contribution, which lifts its upper limit to

m2
h
< m2

Z cos2 2� + �2 v2 sin2 2�/2 +�2
hh

, (22)
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Both MAP and LEMMA

claim they can make it
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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

     lower emittance = less ν = less radiation 

     not quite enough. Rolandi’s pipe? [CERN-TIS-RP-IR-98-34]

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.


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 …  


Can we dream of it? If we can, long ToDo list: 
• Reach on pair-produced EW particles with “easy” decay mode

• EW particles with “invisible” (or long-lived) products: Minimal DM

• WW>whatever (eg., SS)

• Higgs couplings (beam background assessment crucial) 

• Energy and Accuracy in SM measurements (ff, VV, VBF)

• … new ideas!
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• EW particles with “invisible” (or long-lived) products: Minimal DM

• WW>whatever (eg., SS)

• Higgs couplings (beam background assessment crucial) 

• Energy and Accuracy in SM measurements (ff, VV, VBS)

• … new ideas!



Conclusions

Muon collider: Dream or Reality?
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Alain Blondel  Experiments at muon colliders CERN 2015-11-18
18 Nov 2015 25



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
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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

μ-coll s-channel Higgs: arXiv:hep-ph/9504330
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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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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??



What if Un-Natural?

(Un-)Naturalness discovery has profound implications
Crucial to make our best with LHC phenomenology and model building. 
Any loophole? [Twin Higgs, Folded SUSY, compressed spectra …]



What if Un-Natural?

If Un-Natural,      has no microscopic origin (e.g.         ).

It could:

•be a fundamental input par. of the Final Theory

•have environmental anthropic origin

•have dynamical (set by time evolution) origin

mH 6= GF

(Un-)Naturalness discovery has profound implications
Crucial to make our best with LHC phenomenology and model building. 
Any loophole? [Twin Higgs, Folded SUSY, compressed spectra …]
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What if Un-Natural?

Environmental is a parameter whose value is 

dictated by external conditions
Example is gravity of Earth                      . Fundamental 
input parameter of the theory of Ballistics.

g = 9.81m/s2

Set by Earth mass and radius. Different on other planets.

Landscape of vacua

Higgs mass depends on the vacuum 
where we live.

Not quite like g. Vacua are causally 
disconnected. Cannot go there and 
check.



What if Un-Natural?

Environmental is a parameter whose value is 

dictated by external conditions
Environment in itself not a solution: why                  ? mH ⌧ ⇤SM

Landscape of vacua



What if Un-Natural?

Environmental is a parameter whose value is 

dictated by external conditions

Becomes solution only with anthropic selection: 

E.g., why 15℃ is the average temperature of earth?

Landscape of vacua

Environment in itself not a solution: why                  ? mH ⌧ ⇤SM



What if Un-Natural?

Environmental is a parameter whose value is 

dictated by external conditions

Becomes solution only with anthropic selection: 

E.g., why 15℃ is the average temperature of earth?

We live where we can. There might be 
upper bound on mH for us to exist. 

Landscape of vacua

Landscape distribution peaks at ΛSM, but 
has a tail. Likely to live close to the upper 
bound.

Environment in itself not a solution: why                  ? mH ⌧ ⇤SM



What if Un-Natural?

Environmental is a parameter whose value is 

dictated by external conditions

Becomes solution only with anthropic selection: 

E.g., why 15℃ is the average temperature of earth?

Landscape of vacua

Successful Weinberg prediction of the 
Cosmological Constant:

For galaxies to form, it must be:

Observed value:
⇤c.c. ' (2 · 10�3eV)4

⇤c.c. . (few · 10�3eV)4 ⇠ 10�120M4
P

Environment in itself not a solution: why                  ? mH ⌧ ⇤SM



What if Un-Natural?

Dynamical is a parameter whose value is set by 
time evolution.

[Graham, Kaplan, Rajendran, 2015]



What if Un-Natural?

Recent proposal: Relaxion

[Graham, Kaplan, Rajendran, 2015]

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M
2 + g�)|h|2 + V (g�) +

1

32⇡2

�

f
G̃

µ⌫
Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃

µ⌫ = ✏
µ⌫↵�

G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M
2 + g�)|h|2 +

�
gM

2
� + g

2
�
2 + · · ·

�
+ ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M
2, and thus we take the range of validity for � in this e↵ective

field theory to be � . M
2
/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact

the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m

2
h, is positive. During inflation, � will slow-roll, thereby scanning the physical

Field-dependent Higgs mass Proportional to Higgs VEV

Dynamical is a parameter whose value is set by 
time evolution.
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Field rolls during Inflation.

Stops right after              .

Because of the cos term.

m2
H

< 0



What if Un-Natural?

Recent proposal: Relaxion

[Graham, Kaplan, Rajendran, 2015]

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M
2 + g�)|h|2 + V (g�) +

1

32⇡2

�

f
G̃

µ⌫
Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃

µ⌫ = ✏
µ⌫↵�

G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M
2 + g�)|h|2 +

�
gM

2
� + g

2
�
2 + · · ·

�
+ ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M
2, and thus we take the range of validity for � in this e↵ective

field theory to be � . M
2
/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact

the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m

2
h, is positive. During inflation, � will slow-roll, thereby scanning the physical

Field-dependent Higgs mass Proportional to Higgs VEV

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M
2 + g�)|h|2 + V (g�) +

1

32⇡2

�

f
G̃

µ⌫
Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃

µ⌫ = ✏
µ⌫↵�

G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M
2 + g�)|h|2 +

�
gM

2
� + g

2
�
2 + · · ·

�
+ ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M
2, and thus we take the range of validity for � in this e↵ective

field theory to be � . M
2
/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact

the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m

2
h, is positive. During inflation, � will slow-roll, thereby scanning the physical

Field rolls during Inflation.

Stops right after              .

Because of the cos term.

m2
H

< 0

Dynamical is a parameter whose value is set by 
time evolution.

Viability of large field excursion 
requires ad hoc mechanism like 
Clockwork             [Kaplan, Rattazzi 

                                             & Choi, Kim, Yun] 



What if Un-Natural?

One can like/believe these radical speculations or not.


One can argue that they involve too much complexity to 
produce a concrete BSM scenario.


One can hope in UV physics “obeying different rules”, 
nullifying Naturalness problem, but concretely what?


All this shows the dramatic impact Un-Naturalness 
discovery is having on our field.


