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Uniquely positioned 
• Laboratory tests of fundamental interactions are the only way to figure 

out the microscopic laws of Nature.

• There is only so much that you can learn if you cannot control the 
initial state of the experiment

• “Dialogue with Nature”: you have to make experiments aimed at 
revealing the aspect of Nature you want to study (Descartes, Galilei, … )
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The Higgs boson is nothing like anything else before

• All fundamental bosons we know are 
gauge bosons. Up to very important 
technicalities they are the same as the 
photon.  

• The Higgs boson does not follow the 
same rules, its interactions have 
nothing to do with with those of the 
photons.

Classical Electrodynamics

I Around the years 1840 F.E. Neumann and, independently,
W.E. Weber, studied the interaction between two closed
electric circuits carrying currents I and I 0.

dWN = II 0

c2
n·n0

r dsds 0 dWW = II 0

c2
(n·r̂)(n0·r̂)

r dsds 0

ds = nds and ds 0 = n0ds 0.

I 1870 : H.L.F. von Helmholtz noticed that the two differ by a
multiple of the perfect differential

dsds 0 @2r
@s@s0 = dsds 0 (n·r̂)(n

0·r̂)�(n·n0)
r

and wrote the first family of gauges

dW↵ = II 0

2c2r [(1 + ↵)(n · n0) + (1 � ↵)(n · r̂)(n0
· r̂)]dsds 0

I In terms of the vector potential

A↵ = AN + 1�↵
2 r  = �

1
c

R
r̂ · J(x 0, t)d3x 0

J. Iliopulos 2024

Nature Phys 13, 633-637 (2017) Ca2RuO4 • Higgs-like particles that appear in other 
types of experiments (e.g. excitations of 
condensed matter systems) are not a 
narrow and isolated particle.

https://agenda.infn.it/event/41258/contributions/231149/attachments/125703/185447/2_Iliopoulos.pdf
https://www.nature.com/articles/nphys4077
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The Higgs boson is nothing like anything else before

• All fundamental bosons we know are 
gauge bosons. Up to very important 
technicalities they are the same as the 
photon.  

• The Higgs boson does not follow the 
same rules, its interactions have 
nothing to do with with those of the 
photons.
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J. Iliopulos 2024

Nature Phys 13, 633-637 (2017) Ca2RuO4 • Higgs-like particles that appear in other 
types of experiments (e.g. excitations of 
condensed matter systems) are not a 
narrow and isolated particle.

very broad Higgs particle

https://agenda.infn.it/event/41258/contributions/231149/attachments/125703/185447/2_Iliopoulos.pdf
https://www.nature.com/articles/nphys4077


Roberto Franceschini - Sep. 30th 2024 —  2nd ECFA-INFN ECR Meeting —  https://agenda.infn.it/event/42691/

A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

V(φ)|Dφ|²

? ? ? ? ?

strong interactions

electro-weak interactions

The Higgs boson is nothing like anything else before
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A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

V(φ)|Dφ|²

? ? ? ? ?

strong interactions

electro-weak interactions

• We established the principles behind electroweak and 
strong interaction very well

• We measured the Higgs boson only very “broad brush” 

• The Higgs boson may be a whole new thing compared 
to strong and electroweak interactions 

The Higgs boson is nothing like anything else before
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A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

V(φ)|Dφ|²

? ? ? ? ?

strong interactions

electro-weak interactions

• Is the Higgs boson a point-like particle? (Can we use the SM at as short distance as 

we like?)

• Is the Higgs boson related to the origin of matter? (Why the SM 

treat matter and anti-matter equally, but there is no antimatter around? Are the Higgs interactions somehow getting rid of anti-matter in the Early Universe? )

• Is the Higgs boson keeping the Universe stable?

The Higgs boson is nothing like anything else before
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Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

There is a special pleasure that comes from identifying symmetries in nature, from understanding 
that the ubiquitous and tangible electron is an immediate relative of the elusive neutrino. But the 
challenge of particle physics today is to understand symmetry breaking, for that is what makes 
the world what it is. The neutrino and the electron are really as different as they can be. How 
does that happen? Why do we have two very light quarks and one very light charged lepton? 
Why did electroweak symmetry breaking leave one symmetry unbroken, bequeathing us the 
photon? Why is there light, and why does matter take the form it does? These are the goals of 
particle physics: not to describe the collisions of highly relativistic protons, but to learn why our 
world has the shape and form it does. But to answer questions about the everyday world we 
need to observe phenomena that occur only at very high energies.

Is it worth it? 

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951


The size of   
the Higgs boson

flashing concrete results for
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S T R O N G LY  I N T E R A C T I N G  L I G H T  H I G G Sh ~π

Effects of the size of the Higgs boson

ℓHiggs ∼ 1/m⋆{effects and purely gluonic operators):1729
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755

1756

Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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1/f ∼ g⋆/m⋆

1/(g⋆ f ) ∼ 1/m⋆

gSM /(g⋆ f ) ∼ gSM /m⋆
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs

effects and purely gluonic operators):1729
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs
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yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761
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1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763

66

effects and purely gluonic operators):1729

L
d=6
universal = cH

g2
⇤

m2
⇤
OH + cT

Nc✏
4
qg

4
⇤

(4⇡)
2m2

⇤
OT + c6�

g2
⇤

m2
⇤
O6 +

1

m2
⇤

[cW OW + cBOB]

+
g2
⇤

(4⇡)
2m2

⇤
[cHW OHW + cHBOHB] +

y2
t

(4⇡)
2m2

⇤
[cBBOBB + cGGOGG]

+
1

g2
⇤m

2
⇤

h
c2W g2

O2W + c2Bg02
O2B

i
+ c3W

3!g2

(4⇡)
2m2

⇤
O3W

+ cyt

g2
⇤

m2
⇤
Oyt + cyb

g2
⇤

m2
⇤
Oyb (66)

where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743
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OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747
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the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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Effects of the size of the Higgs boson
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732
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The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736
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is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745
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strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747
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dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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1/2, and a totally composite top right [125], ✏t =1762
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747
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the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739
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each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752
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the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.

��-��� ��-��� ������ ������ ������� ������� �������� �������� ���� ���-�����-��/		/�	



�

�


��





��

��

��




�

�



�/
� �

[�
��

]

�
�

Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness

09/09/2018 Philipp Roloff Physics at future linear colliders 23

Composite Higgs
m

*
: mass scale

g
*
: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC

FCC-all and 3 TeV CLIC similar

compositeness at 
few 10 TeV

compositeness at 
few TeV @ HL-LHC
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.

��-��� ��-��� ������ ������ ������� ������� �������� �������� ���� ���-�����-��/		/�	



�

�


��





��

��

��




�

�



�/
� �

[�
��

]

�
�

Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness

compositeness at 
few TeV @ HL-LHC

U N I Q U E  AV E N U E  T O  E X P L O R E  W E A K  I N T E R A C T I O N S  
FA R  O F F S H O R E  F R O M  T H E  W E A K  S C A L E

2203.07256

Higgs 100x more point-like than QCD pion 

compositeness at 
few 100 TeV

Fig. 6: Left panel: 95% reach on the Composite Higgs scenario from high-energy measurements in di-
boson and di-fermion final states [26]. The green contour display the sensitivity from “Universal” effects
related with the composite nature of the Higgs boson and not of the top quark. The red contour includes
the effects of top compositeness. Right panel: sensitivity to a minimal Z

0 [26]. Discovery contours at 5�

are also reported in both panels.

High energy scattering processes are as unique theoretically as they are experimentally [1, 6, 26].
They give direct access to the interactions among SM particles with 10 TeV energy, which in turn provide
indirect sensitivity to new particles at the 100 TeV scale of mass. In fact, the effects on high-energy cross
sections of new physics at energy ⇤ � Ecm generically scale as (Ecm/⇤)2 relative to the SM. Percent-
level measurements thus give access to ⇤ ⇠ 100 TeV. This is an unprecedented reach for new physics
theories endowed with a reasonable flavor structure. Notice in passing that high-energy measurements
are also useful to investigate flavor non-universal phenomena, as we will see below, and in Section 6.

This mechanism is not novel. Major progress in particle physics always came from raising the
available collision energy, producing either direct or indirect discoveries. For instance, precisely because
of the quadratic energy scaling outlined above, the inner structure of nucleons and a first determination
of their radius could be achieved only when the transferred energy in electron scattering could reach a
significant fraction of the “new physics” scale ⇤ = ⇤QCD = 300 MeV [27].

Figure 6 illustrates the tremendous reach on new physics of a 10 TeV muon collider with 10 ab�1

integrated luminosity. The left panel (green contour) is the sensitivity to a scenario that explains the
microscopic origin of the Higgs particle and of the scale of EW symmetry breaking by the fact that the
Higgs is a composite particle. In the same scenario the top quark is likely to be composite as well, which
in turn explains its large mass and suggest a “partial compositeness” origin of the SM flavour structure.
Top quark compositeness produces additional signatures that extend the muon collider sensitivity up to
the red contour. The sensitivity is reported in the plane formed by the typical coupling g⇤ and of the
typical mass m⇤ of the composite sector that delivers the Higgs. The scale m⇤ physically corresponds to
the inverse of the geometric size of the Higgs particle. The coupling g⇤ is limited from around 1 to 4⇡,
as in the figure. In the worst case scenario of intermediate g⇤, a 10 TeV muon collider can thus probe
the Higgs radius up to the inverse of 50 TeV, or discover that the Higgs is as tiny as (35 TeV)�1. The
sensitivity improves in proportion to the center of mass energy of the muon collider.

The figure also reports, as blue dash-dotted lines denoted as “Others”, the envelop of the 95% CL
sensitivity projections of all the future collider projects that have been considered for the 2020 update
of the European Strategy for Particle Physics, summarized in Ref. [5]. These lines include in particular
the sensitivity of very accurate measurements at the EW scale performed at possible future e

+
e
� Higgs,

Electroweak and Top factories. These measurements are not competitive because new physics at ⇤ ⇠
100 TeV produces unobservable one part per million effects on 100 GeV energy processes. High-energy

11

Higgs as composite as QCD pion 
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Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2
Singlet loop makes 

V(0,v) deeper

high T

• We need to study all possible new states that induce a change 
in the Higgs boson potential.

• For these new state to have sizable effects in the early Universe 
they must be light, around 1 TeV at most. 

• All searches for new Higgs bosons (or general electroweak 
particles) probe such fundamental issue of the origin of matter 
in the early Universe!
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pp or ℓ+ℓ− → hh

• High-Energy lepton collider has 
large flux of “partonic” W bosons

ξ ≃ ( mW

mnew )
2

∼ 1
E ℒ

Singlet tree and loop makes V(0,v) deeper

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2

Electroweak phase transition

•  collisions (as usual)gg
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
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2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
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2
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, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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µ2

� cHT 2
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2
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where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02
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24
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


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, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
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. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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2
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1
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v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
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where we only keep the gauge invariant T 2-order terms [82, 83], and
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while
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for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+
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+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
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. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2
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(m2

1 sin
2
✓ +m

2
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2
✓) . (3.3)
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h
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= U
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cos ✓ � sin ✓
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, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.
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for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
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2M2
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� 2b3vs � 4b4v2s
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+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.

– 9 –



Roberto Franceschini - Sep. 30th 2024 —  2nd ECFA-INFN ECR Meeting —  https://agenda.infn.it/event/42691/

I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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 2101.10469

independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)

– 7 –

independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
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⌘
M
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; M
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s =
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V
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2
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✓
+M2

h2
s2
✓

2v2
,
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
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,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2
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�
|H|
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2
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3
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4
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(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a
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V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
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2. In the following we consider as independent parameters for our analysis
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bound on the value of a2
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lighter state h1 is the SM Higgs-like boson.
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,
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Figure 1. The anthropic requirements on (mu,md) for the stability of complex nuclei (upper,
green) and the stability of hydrogen (lower, purple), with other parameters held fixed. In the left
panel the three red dots correspond to the observed masses of the three quark generations. The
light shading gives the 1σ theoretical uncertainties in each boundary, which, of course, only apply
to the lightest generation. The region in the dashed square is shown expanded in the right panel,
where the dashed line corresponds to varying v with Yukawa couplings held fixed.

The multiverse, based on eternal inflation and the string landscape, may provide such

a framework. If observers are rare in the multiverse, then those universes that do have

observers can contain parameters that appear to be finely tuned. In particular, it has

been argued that most universes do not contain large scale structure, so that observed

values of ΛCC are tuned [1], and most universes do not contain complex nuclei, so that

v is observed to be fine-tuned [2]. If our observed value of ΛCC is increased by about 2

orders of magnitude galaxies fail to form [3] and if v is increased by about 50% there are

no bound complex nuclei [4]. So far the fine-tuning problems of the cosmological constant

and weak scale have resisted solutions by means of symmetries; their persistence provides

evidence for the multiverse.

These key results for ΛCC and v were each obtained by studying multiverses where

only a single parameter scans. In (SM+GR) there are only three mass parameters ΛCC , v

and the Planck mass Mpl, so these results would also follow in (SM+GR) in a landscape

that only allows dimensional parameters to scan [5]. However, in more general landscapes

dimensionless parameters scan. Furthermore, in theories that go beyond (SM+GR) small

dimensionless parameters, such as Yukawa couplings [6, 7] and the primordial density

perturbations, are understood in terms of ratios of disparate mass scales, so that they

would scan even in the restricted landscapes of [5].

The observed values of the up and down quark masses place our universe on the edge

of both hydrogen stability and complex nuclei stability, as shown in figure 1, suggesting

independent scanning of these masses. The observed values of (mu,md) lie near the tip of a
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [107] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.35GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (59)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

18

We live here

• all stars are neutron stars 
• no nuclei beyond deuterium • if another vacuum exist we can tunnel into it
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Figure 1. The anthropic requirements on (mu,md) for the stability of complex nuclei (upper,
green) and the stability of hydrogen (lower, purple), with other parameters held fixed. In the left
panel the three red dots correspond to the observed masses of the three quark generations. The
light shading gives the 1σ theoretical uncertainties in each boundary, which, of course, only apply
to the lightest generation. The region in the dashed square is shown expanded in the right panel,
where the dashed line corresponds to varying v with Yukawa couplings held fixed.

The multiverse, based on eternal inflation and the string landscape, may provide such

a framework. If observers are rare in the multiverse, then those universes that do have

observers can contain parameters that appear to be finely tuned. In particular, it has

been argued that most universes do not contain large scale structure, so that observed

values of ΛCC are tuned [1], and most universes do not contain complex nuclei, so that

v is observed to be fine-tuned [2]. If our observed value of ΛCC is increased by about 2

orders of magnitude galaxies fail to form [3] and if v is increased by about 50% there are

no bound complex nuclei [4]. So far the fine-tuning problems of the cosmological constant

and weak scale have resisted solutions by means of symmetries; their persistence provides

evidence for the multiverse.

These key results for ΛCC and v were each obtained by studying multiverses where

only a single parameter scans. In (SM+GR) there are only three mass parameters ΛCC , v

and the Planck mass Mpl, so these results would also follow in (SM+GR) in a landscape

that only allows dimensional parameters to scan [5]. However, in more general landscapes

dimensionless parameters scan. Furthermore, in theories that go beyond (SM+GR) small

dimensionless parameters, such as Yukawa couplings [6, 7] and the primordial density

perturbations, are understood in terms of ratios of disparate mass scales, so that they

would scan even in the restricted landscapes of [5].

The observed values of the up and down quark masses place our universe on the edge

of both hydrogen stability and complex nuclei stability, as shown in figure 1, suggesting

independent scanning of these masses. The observed values of (mu,md) lie near the tip of a
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [107] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.35GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (59)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Figure 1. The anthropic requirements on (mu,md) for the stability of complex nuclei (upper,
green) and the stability of hydrogen (lower, purple), with other parameters held fixed. In the left
panel the three red dots correspond to the observed masses of the three quark generations. The
light shading gives the 1σ theoretical uncertainties in each boundary, which, of course, only apply
to the lightest generation. The region in the dashed square is shown expanded in the right panel,
where the dashed line corresponds to varying v with Yukawa couplings held fixed.

The multiverse, based on eternal inflation and the string landscape, may provide such

a framework. If observers are rare in the multiverse, then those universes that do have

observers can contain parameters that appear to be finely tuned. In particular, it has

been argued that most universes do not contain large scale structure, so that observed

values of ΛCC are tuned [1], and most universes do not contain complex nuclei, so that

v is observed to be fine-tuned [2]. If our observed value of ΛCC is increased by about 2

orders of magnitude galaxies fail to form [3] and if v is increased by about 50% there are

no bound complex nuclei [4]. So far the fine-tuning problems of the cosmological constant

and weak scale have resisted solutions by means of symmetries; their persistence provides

evidence for the multiverse.

These key results for ΛCC and v were each obtained by studying multiverses where

only a single parameter scans. In (SM+GR) there are only three mass parameters ΛCC , v

and the Planck mass Mpl, so these results would also follow in (SM+GR) in a landscape

that only allows dimensional parameters to scan [5]. However, in more general landscapes

dimensionless parameters scan. Furthermore, in theories that go beyond (SM+GR) small

dimensionless parameters, such as Yukawa couplings [6, 7] and the primordial density

perturbations, are understood in terms of ratios of disparate mass scales, so that they

would scan even in the restricted landscapes of [5].

The observed values of the up and down quark masses place our universe on the edge

of both hydrogen stability and complex nuclei stability, as shown in figure 1, suggesting

independent scanning of these masses. The observed values of (mu,md) lie near the tip of a

– 2 –

1409.0551

me = m0
e

We live here

v

Dialing mt, mh, α3 me, md, mu, v

1307.3536

6 8 10

0 50 100 150 200
0

50

100

150

200

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

LI=104GeV
5
6 7

8 9
10
12 14

16
19

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

107 108
109

1010

1011

1012
1013

1014

1016

120 122 124 126 128 130 132
168

170

172

174

176

178

180

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

1017

1018

1019

1,2,3 s

Instability

Stability

Meta-stability

Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [107] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.35GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (59)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Figure 1. The anthropic requirements on (mu,md) for the stability of complex nuclei (upper,
green) and the stability of hydrogen (lower, purple), with other parameters held fixed. In the left
panel the three red dots correspond to the observed masses of the three quark generations. The
light shading gives the 1σ theoretical uncertainties in each boundary, which, of course, only apply
to the lightest generation. The region in the dashed square is shown expanded in the right panel,
where the dashed line corresponds to varying v with Yukawa couplings held fixed.

The multiverse, based on eternal inflation and the string landscape, may provide such

a framework. If observers are rare in the multiverse, then those universes that do have

observers can contain parameters that appear to be finely tuned. In particular, it has

been argued that most universes do not contain large scale structure, so that observed

values of ΛCC are tuned [1], and most universes do not contain complex nuclei, so that

v is observed to be fine-tuned [2]. If our observed value of ΛCC is increased by about 2

orders of magnitude galaxies fail to form [3] and if v is increased by about 50% there are

no bound complex nuclei [4]. So far the fine-tuning problems of the cosmological constant

and weak scale have resisted solutions by means of symmetries; their persistence provides

evidence for the multiverse.

These key results for ΛCC and v were each obtained by studying multiverses where

only a single parameter scans. In (SM+GR) there are only three mass parameters ΛCC , v

and the Planck mass Mpl, so these results would also follow in (SM+GR) in a landscape

that only allows dimensional parameters to scan [5]. However, in more general landscapes

dimensionless parameters scan. Furthermore, in theories that go beyond (SM+GR) small

dimensionless parameters, such as Yukawa couplings [6, 7] and the primordial density

perturbations, are understood in terms of ratios of disparate mass scales, so that they

would scan even in the restricted landscapes of [5].

The observed values of the up and down quark masses place our universe on the edge

of both hydrogen stability and complex nuclei stability, as shown in figure 1, suggesting

independent scanning of these masses. The observed values of (mu,md) lie near the tip of a

– 2 –

1409.0551

me = m0
e

We live here

v

Dialing mt, mh, α3 me, md, mu, v

1307.3536

6 8 10

0 50 100 150 200
0

50

100

150

200

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

LI=104GeV
5
6 7

8 9
10
12 14

16
19

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

107 108
109

1010

1011

1012
1013

1014

1016

120 122 124 126 128 130 132
168

170

172

174

176

178

180

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

1017

1018

1019

1,2,3 s

Instability

Stability

Meta-stability

Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [107] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.35GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (59)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Figure 1. The anthropic requirements on (mu,md) for the stability of complex nuclei (upper,
green) and the stability of hydrogen (lower, purple), with other parameters held fixed. In the left
panel the three red dots correspond to the observed masses of the three quark generations. The
light shading gives the 1σ theoretical uncertainties in each boundary, which, of course, only apply
to the lightest generation. The region in the dashed square is shown expanded in the right panel,
where the dashed line corresponds to varying v with Yukawa couplings held fixed.

The multiverse, based on eternal inflation and the string landscape, may provide such

a framework. If observers are rare in the multiverse, then those universes that do have

observers can contain parameters that appear to be finely tuned. In particular, it has

been argued that most universes do not contain large scale structure, so that observed

values of ΛCC are tuned [1], and most universes do not contain complex nuclei, so that

v is observed to be fine-tuned [2]. If our observed value of ΛCC is increased by about 2

orders of magnitude galaxies fail to form [3] and if v is increased by about 50% there are

no bound complex nuclei [4]. So far the fine-tuning problems of the cosmological constant

and weak scale have resisted solutions by means of symmetries; their persistence provides

evidence for the multiverse.

These key results for ΛCC and v were each obtained by studying multiverses where

only a single parameter scans. In (SM+GR) there are only three mass parameters ΛCC , v

and the Planck mass Mpl, so these results would also follow in (SM+GR) in a landscape

that only allows dimensional parameters to scan [5]. However, in more general landscapes

dimensionless parameters scan. Furthermore, in theories that go beyond (SM+GR) small

dimensionless parameters, such as Yukawa couplings [6, 7] and the primordial density

perturbations, are understood in terms of ratios of disparate mass scales, so that they

would scan even in the restricted landscapes of [5].

The observed values of the up and down quark masses place our universe on the edge

of both hydrogen stability and complex nuclei stability, as shown in figure 1, suggesting

independent scanning of these masses. The observed values of (mu,md) lie near the tip of a
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [107] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.35GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (59)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Figure 1. The anthropic requirements on (mu,md) for the stability of complex nuclei (upper,
green) and the stability of hydrogen (lower, purple), with other parameters held fixed. In the left
panel the three red dots correspond to the observed masses of the three quark generations. The
light shading gives the 1σ theoretical uncertainties in each boundary, which, of course, only apply
to the lightest generation. The region in the dashed square is shown expanded in the right panel,
where the dashed line corresponds to varying v with Yukawa couplings held fixed.

The multiverse, based on eternal inflation and the string landscape, may provide such

a framework. If observers are rare in the multiverse, then those universes that do have

observers can contain parameters that appear to be finely tuned. In particular, it has

been argued that most universes do not contain large scale structure, so that observed

values of ΛCC are tuned [1], and most universes do not contain complex nuclei, so that

v is observed to be fine-tuned [2]. If our observed value of ΛCC is increased by about 2

orders of magnitude galaxies fail to form [3] and if v is increased by about 50% there are

no bound complex nuclei [4]. So far the fine-tuning problems of the cosmological constant

and weak scale have resisted solutions by means of symmetries; their persistence provides

evidence for the multiverse.

These key results for ΛCC and v were each obtained by studying multiverses where

only a single parameter scans. In (SM+GR) there are only three mass parameters ΛCC , v

and the Planck mass Mpl, so these results would also follow in (SM+GR) in a landscape

that only allows dimensional parameters to scan [5]. However, in more general landscapes

dimensionless parameters scan. Furthermore, in theories that go beyond (SM+GR) small

dimensionless parameters, such as Yukawa couplings [6, 7] and the primordial density

perturbations, are understood in terms of ratios of disparate mass scales, so that they

would scan even in the restricted landscapes of [5].

The observed values of the up and down quark masses place our universe on the edge

of both hydrogen stability and complex nuclei stability, as shown in figure 1, suggesting

independent scanning of these masses. The observed values of (mu,md) lie near the tip of a
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [107] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.35GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (59)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Collider inputs we need to 
measure to settle this questions

2203.17197

•  can be taken from Lattice 
QCD (in principle)
α3

• Higgs mass from HL-LHC will be 
good enough

• Top mass is the 
biggest player 

Figure 3: The 1� relative uncertainty on the scale of instability determined by eq. (12) as function
of the relative precision of the measurements of ↵3, Mt, and Mh. The horizontal shade at 0.2 corre-
sponds to a determination of the instability scale at 20% precision. The current situation and future
improvements are marked as full and empty dots, respectively.

precise enough measurements of the top mass Mt [21]. As a consequence, the only option to
measure Mt better is to measure it at future colliders.

In this context the HL-LHC stands in a delicate position as the top quark sample is already
large enough that systematic uncertainties dominates in analysis of the 7+8 TeV LHC data.
Indeed, measuring the top quark mass summing the energies of its visible decay products is
like measuring the pig mass summing sausages: higher statistics allows a better Monte Carlo
modeling, but leaving systematics uncertainties untouched. The present uncertainty about
500 MeV is at the limit to which tools such as leading-log Monte Carlo parton shower generators
are considered trustable. The inclusion of higher perturbative orders in the matrix elements
attached to the present parton showers can improve this situation, but a measurement of Mt

with uncertainty comparable to ⇤QCD remains challenging. Thus we consider unlikely that the
HL-LHC will improve the present uncertainty on Mt by the substantial factor that is needed
to firmly establish the scale of the SM instability.

Also enlarging the scope of HL-LHC to ‘alternative’ strategies for the top quark mass
measurements, e.g. reviewed in [22], we find a limited improvement compared with the target
imposed by our question. Even barring experimental uncertainties, the ‘alternative’ methods
are hitting the limitations of the present computations in describing e↵ects commensurate
with ⇤QCD either because of matching of fixed order and parton shower computations in the
‘alternative’ observables [23], or uncertainties in the knowledge of hadronization physics [22],

12

Top and Higgs properties are fixed 
by the SM (e.g. )mt = yt ⋅ v

2203.17197• Can only be measured 
at colliders
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Electroweak Dark Matter: LSP (+NLSP)
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very robust probes of WIMPs!
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Roberto Franceschini - Sep. 30th 2024 —  2nd ECFA-INFN ECR Meeting —  https://agenda.infn.it/event/42691/

An “interpolator” model

I F  D A R K  M AT T E R  F E E L S  S M  W E A K  I N T E R A C T I O N S  W E  C A N  U S E  T H E  G E N E R A L  - P L E T  W I M P  T O  M E A S U R E  H O W  W E L L  W E  A R E  A B L E  T O  T E S T  T H I S  
H Y P O T H E S I S  A N D  P O S S I B LY  D I S C O V E R  O R  E X C L U D E  O N E  O R  S E V E R A L  O R  T H E  W H O L E  C AT E G O RY  O F  D M  C A N D I D AT E S .

n

Ωnr ∼ 1
σann

∼ M2

Cn ⋅ g2

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
�

1

2
M

2
�
�
2
�

�H

2
�
2
|H|

2
�

��

4
�
4
, (1)

Lf =
1

2
� (i�̄µ

Dµ �M�)� , (2)

for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.

2107.09688 Bottaro,  Buttazzo, Costa, RF, Panci, Redigolo, Vittorio

Y = 0

given n the mass is predicted

Λ L
an

da
u

≤
O

(1
0)

⋅M
χ

odd-plet

understood as the maximal mass for that n
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H O W  T O  T H O R O U G H LY  T E S T  I T ?

•Produce WIMPs in the lab 

•Detect a WIMPs from natural source (big-bang) 

•Observe WIMPs interactions (annihilation) 

•Future Colliders sensitive to O(100) TeV  

•Upcoming T Xe detectors 

•Upcoming Cosmic Rays observatories

n

After decades of WIMPs we might start to see the end of the way (!)

Goodman and Witten 1985
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Summary

Freeze-out predictions  
for all the WIMP n-plets 

3-pletfuture muon collider:
5-plet
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direct detection:

indirect detection:

DARWIN can get them all!

heavy multiplets could be probed  at CTA 

but more precise predictions are needed 

CTAXenonFuture Collider
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• High energy colliders are excellent and 
very robust probes of WIMPs!

• The chessboard of DM is very large! 
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Electroweak Dark Matter: LSP (+NLSP)
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and  much much more



a rich and extensive program 
 P H A S E  O F  T H E  E L E C T R O W E A K  I N T E R A C T I O N SU N B R O K E N

tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

ν → μWFSR

ν and Z, γ, W as partons

ZISR → hadrons

N E W  P H E N O M E N A  A N D  
N E W  R E G I M E S  I N  p Q F T

• unsuppressed weak 
corrections “electroweak 
is the new QCD” 

• weak “partons” 

• large EW logarithms  

• a non-abelian charge (like 
color) becomes 
observable (like electric 
charge)

(F. Maltoni)

H I G H E R  E N E R G I E S    A N D   B O S O N  A R E  N E A R LY  M A S S L E S S→ W Z



a rich and extensive program 
N U M B E R  B R E A K I N GL E P T O N

L − violation (1,1,0) (at least 2)

(1,1,0) (at least 2+1)

(1,2,1,1), (1,1,2,1), (1,2,2,1), (1,1,1,2),

SU(3) ⊗ SU(2)L ⊗ SU(2)L ⊗ U(1)B−L

L − not accidental

L − gauged, SSB

(1,3,1) (1 is enough)

(1,2,1/2) (LH)2

Λ
d = 5

(1,1,2) (DHσ2H)2 S−−

Λ3
d = 7

new physics before 2012

2312.13356, 2312.14119
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L − violation (1,1,0) (at least 2)

(1,1,0) (at least 2+1)

(1,2,1,1), (1,1,2,1), (1,2,2,1), (1,1,1,2),

SU(3) ⊗ SU(2)L ⊗ SU(2)L ⊗ U(1)B−L

L − not accidental

L − gauged, SSB

(1,3,1) (1 is enough)

(1,2,1/2) (LH)2

Λ
d = 5

(1,1,2) (DHσ2H)2 S−−

Λ3
d = 7

new physics before 2012
• Symmetry-based neutrino mass generation predicts new 

electroweak states at the TeV, where the next generation of 
machines can discover them!

2312.13356, 2312.14119
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Conclusions
• The Higgs boson is a gold mine of questions of great importance for the understanding of 

fundamental interactions 

• The next generation of colliders can study the Higgs boson with great precision and can establish 
its point-like nature up to an unprecedented degree, if there is more than one of them, and its 
possible role in generating the matter of the Universe, or even in keeping it from decaying.  

• The next generation of colliders can probe thoroughly the issue of Dark Matter as a heavy particle, 
a great mystery that cuts physics across from cosmology, astrophysics to particle physics.  

• The next generation of colliders enables new explorations of fundamental physics on a very broad 
field. The amount of knowledge we can foresee will be generated by a future collider is enormous. 

It’s worth it!



Roberto Franceschini - Sep. 30th 2024 —  2nd ECFA-INFN ECR Meeting —  https://agenda.infn.it/event/42691/

Thank you!
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Recoil on “nothing”
S E A R C H  I N T E R P R E T E D  F O R  D A R K  M AT T E RG E N E R I C

10

Mono-W reach — Majorana 3-plet Mono-W reach — Majorana 5-plet

FIG. 4. Reach from mono-W searches at a muon collider, as a function of collider center-of-mass energy
p
s and integrated

luminosity L. The blue contours show the 95% C.L. reach on the WIMP mass; the prediction from thermal freeze-out is shown
as a red line. The precision of the measurement is shown by the blue shadings. Systematic uncertainties are assumed to be
negligible. The white line corresponds to the luminosity scaling Eq. (24), with various collider benchmarks shown as colored
squares:

p
s = 6 TeV green,

p
s = 10 TeV blue,

p
s = 14 TeV orange and

p
s = 30 TeV red. The yellow square corresponds to

the 3 TeV CLIC [54]. Left: Majorana 3-plet. Right: Majorana 5-plet.
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FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
di-gamma, same sign di-W, and the combination of all these MIM channels (blue). The last two bars show the reach of
disappearing tracks as discussed in Sec. VB, requiring at least 1 disappearing track (red), or at least 2 tracks (orange). All the
results are shown assuming systematic uncertainties to be 0 (light), 1h (medium), or 1% (dark). The vertical red bands show
the freeze-out prediction. Left: Majorana 3-plet for

p
s = 14TeV and L = 20 ab�1. Right: Majorana 5-plet for

p
s = 30TeV

and L = 90 ab�1.

is negative (positive). Since the charge of the W bo-
son is potentially observable for leptonic decays, we can
envisage a strategy to isolate the signal from the back-
ground using the full distribution in ⌘W (instead of its
absolute value). We thus also perform an analysis of lep-
tonic mono-W events, where we impose the additional

cut ⌘W± 7 0. We find the reach of this search to be
weaker than the one of the inclusive mono-W because
of the small leptonic branching ratio. However, the lep-
tonic mono-W search possesses signal-free regions of the
⌘W distribution which would allow for an in situ calibra-
tion of the background from the data itself, leading to

2107.09688
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

• fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).

5

18
54
48MF

*
*

• Comprehensive tool to explore new electroweak particles 

• Can probe valid dark matter candidates! • fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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INDIRECT DETECTION

Annihilation in the astrophysical environment result in high-energy 
SM particle, which can be detector by cosmic rays observatories.
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π

16
α2

2

mWm2
h

, (38)

f EW
G ≃ − (n2 − 1)

192
α2

2αs

mW

(∑
q κq

m2
h

+ 1

m2
W

)

, (39)

gEW
q ≃ − (n2 − 1)π

24
α2

2

m3
W

, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)

123

The signature depends on DM mass, possible resonant 
bound states formation and DM density profile
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An excess on monochromatic multi-TeV photons would be quite 
convincing evidence of DM. The model can be even tested by the 
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π

16
α2

2

mWm2
h

, (38)

f EW
G ≃ − (n2 − 1)

192
α2

2αs

mW

(∑
q κq

m2
h

+ 1

m2
W

)

, (39)

gEW
q ≃ − (n2 − 1)π

24
α2

2

m3
W

, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)

123
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π

16
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mWm2
h

, (38)

f EW
G ≃ − (n2 − 1)
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)

, (39)

gEW
q ≃ − (n2 − 1)π
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, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)

123
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thermal mass “lottery”: if the 
actual mass varies within the 

current theoretical uncertainty 
the signal strength changes by 

orders of magnitude!
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μ+μ− → χχ + X
P R E C I S I O N  M E A S U R E M E N T SS M

2009.11287, 2107.09688, 2205.04486

28

3 TeV 6 TeV 10 TeV

14 TeV 30 TeV

0 2 4 6 8 10 12 14

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

M χ @ 95% [TeV ]

Fermions

(1,7,ϵ)

(1,7,0)

(1,6,1/2)

(1,5,1)

(1,5,ϵ)

(1,5,0)

(1,4,1/2)

(1,3,1)

(1,3,ϵ)

(1,3,0)

(1,2,1/2)

3 TeV 6 TeV 10 TeV

14 TeV 30 TeV

0 2 4 6 8 10 12 14

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

M χ @ 95% [TeV ]

*
*

*

Scalars

(1,7,ϵ)

(1,7,0)

(1,6,1/2)

(1,5,1)

(1,5,ϵ)

(1,5,0)

(1,4,1/2)

(1,3,1)

(1,3,ϵ)

(1,3,0)

(1,2,1/2)
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an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

Open Questions on the “big picture” on fundamental physics as of 2020s

EFT

EFT

?

EACH of  these issues one day will teach us a lesson

EFT

?

Adjusting one SM parameter might do

Adjusting several SM parameters might do

Separation of scales as an organizing principle might fail

Need new matter (or even bigger modifications to the SM)
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