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Where do we stand?

We have got “the” formula
… and it is surprisingly short!
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vu + e - ~ v u  + e -  (2) 

which are forbidden to first order in the conventional 
Feynman Gell-Mann theory. The predicted cross-sec- 
tions are of  the order of  10 -41 cm2/electron at 1 
GeV, depending on the Weinberg angle 0 w , which is 
the only free parameter of  the theory. 

A search for these processes has been carried out 
in the large heavy liquid bubble chamber Gargamelle, 
useful volume 6.2 m 3, filled with freon CF3Br , ex- 
posed to both the neutrino and antineutrino beams 
at the CERN PS. The large length of  the chamber, 
4.8 metres, compared to the radiation length of  freon, 
11 cm, ensured that electrons were unambiguously 
identified. 

These interactions are characterized by a single 
electron ( e - )  originating in the liquid, unaccompanied 
by nuclear fragments, hadrons or ~, rays correlated to 
the vertex. The kinematics o f  the reactions are such 
that the electron is emitted at small angle, 0e, with 
respect to the neutrino beam; the electron is expected 
to carry typically one third of the energy of  the inci- 
dent neutrino which is peaked between 1 and 2 GeV. 
As the neutrino interactions in the surrounding mag- 
net and shielding produce a low energy background 
of photons and electrons, a lower limit on the elec- 
tron energy was set at 300 MeV. This energy cut en- 
sures that all electrons from reactions (1) and (2) will 
have 0 e < 5 °. 

A total of  375 000 v and 360 000 Y pictures were 
scanned twice and one single electron event satisfying 
the selection criteria was found in the ~ film. This 
event is shown in fig. 1. The curvature o f  the initial 
part of  the track shows the negative charge, and the 
spiralisation and bremsstrahlung prove unambiguously 
that the track is due to an electron. The electron en- 
ergy is 385 + 100 MeV, and the angle to the beam axis 

1 a ° + l . 6  ° is , . - ,  -1.4" The electron vertex is 60 cm from the be- 
ginning of  the visible volume of  the chamber and 16 
cm from the chamber axis. 

The scanning efficiency for single electrons with an 
energy > 300 MeV was determined to be 86% using 
the isolated electronpositron pairs found in the cham- 
ber. 

The main source of  background is from the process 

v e + n ~ e - ( 0 e <  5 ° ) + p (3) 

where the proton is either of  too low an energy to be 

Fig. 1. Possible event of the type ~~ + e ~ v~t + e_ 

observed or is captured in the nucleus and no visible 
evaporation products are formed. This is due to the 
small ( <  1%) v e flux present in the predominantly v u 
or ~u beam. 

This background has been determined empirically 
using the observed events of  the type 

v u + n o u - ( 0  < 5  ° ) + p  (4) 

where the proton is not observed, and the v e flux cal- 
culated from the observed electron-neutrino events. 

This is a good estimate as the two processes are 
kinematically similar at these energies and the v u a n d  

v e spectra have nearly the same shape. In a partial 
sample of  the film we have observed 450 events, occur- 
ring in a fiducial volume of 3 m 3, of  the type: 

# -  + m protons (m i> 0) 

where the visible energy is > 1 GeV, and the momen- 
tum in the beam direction is > 0.6 GeV/c. These cuts 
eliminate the background due to incoming charged 
particles. 

In these events, only 3 have no protons and a / a -  
angle < 5 °. The scanning efficiency for single/a- has 
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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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• Outlook

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 ? ? ? ? ?

L= c + m2 H2 + l H4

Cosmological Constant
(galaxy formation)

 Fermi constant
(periodic table)

Higgs boson mass
(meta-)stability of the Universe

arXiv:hep-ph/9707380 Agrawal et al. -  If μ> 5⋅μSM  periodic table disappears! (neutron decay too fast)
Steven Weinberg Phys. Rev. Lett. 59, 2607 - If c >  200   galaxies would ne be able to form (matter-domination phase too short)cmeasured

arXiv:1205.6497 - Degrassi et al. - If mHiggs grew by 1%, Universe would be unstable (in the SM)

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life
Phys.Rept. 807 (2019) 1-111 - Adams, F.~C. - The Degree of Fine-Tuning in our Universe - and Others 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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• Symmetry, the very idea at the basis of “the” formula, is 
challenged by a number of phenomena, which may, at 
best, be described in this language

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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• What if fundamental interactions are not just the 
language to describe micro-physics (and supposedly be 
able to derive macro-physics from it) but they also have 
a direct link to everyday life? or simply “life”? 

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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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.

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951


Roberto Franceschini - Sep 26th 2024 - Top2024 - https://indico.cern.ch/event/1368706/

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

Electron mass in everyday life
Dialing me

r0 =
1

αme

e−p → nν

•  sets the size of molecules (covalent bonds)r0

• electron capture in nucleus is less an less 
suppressed as  growsme

•  starts to 
make nitrogen disappear  
me = 0.5 MeV → 0.6 MeV

14N → 14C

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
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Dialing  or mW Vud

pp → (np)d e+ν

•  increases, fusion cross-section is reduced


• star shrinks, thus gets hotter


• flux of protons increased (denser star)


• heat release can now balance pressure from 
gravity

mW

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

Weak scale and mixings in everyday life

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
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Neutron-proton mass order in everyday life
  from a change in  ~ few MeV (variation about 100% of the present value )mn < mp mu − md

pp → (np)d e+ν

nn →

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

Neutron would be the lightest baryon, it collapses to forms stars 

proton, aka Hydrogen, collapses to forms stars 

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
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me, md, mu, v

1409.0551 - Hall, L.~J. and Pinner, D. and Ruderman, J.~T. - The Weak Scale from BBN 
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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 4. Anthropic requirements for the stability of complex nuclei (green) and hydrogen
(purple) in the (mu,me) plane at md = m0

d (left) and in the (md,me) plane at mu = m0
u (right).

lattice [14], δiso = 2.39 ± 0.21MeV; the electromagnetic contribution is then determined

by the measured value of mn−mp ≈ 1.293MeV. Once the neutron-proton mass difference

drops below the electron mass, hydrogen becomes unstable to electron capture by the

proton. This is the purple-shaded region in figures 1, 3, and 4, with light purple denoting

the 1σ excluded region.

In the orthogonal direction, the square of the pion mass increases linearly with the

sum of the up and down masses, decreasing nuclear binding energies. If the binding energy

per nucleon, B/A, is sufficiently small,

|B/A| < mn −mp −me, (3.2)

then neutrons bound in the nucleus will decay [2]. We take the pion mass dependence

of nuclear binding energies from [4], but it should be noted that our boundary, (3.2), is

parametrically stronger than the one used in that paper (the complete absence of heavy

nuclear bound states, B/A > 0). The green-shaded region in figures 1, 3, and 4 corresponds

to the limit from stability of 16O, but the location of the boundary is roughly independent

of atomic number. We show the 1σ uncertainty shaded in light green in figures 1, 3, and 4,

in which the dominant error arises from the extrapolation of nuclear binding energies away

from the SM value of the pion mass [4].

Consider the variation of mu,d arising from holding yu,d fixed and varying v. This

direction is shown as a dashed line in the right panel of figure 1. Increasing the quark

masses by
(
26±9

6

)
% (at 1σ uncertainty) results in unstable complex nuclei, as described

above. Our proximity to this boundary was the original motivation for anthropic solutions

to the hierarchy problem [2]. However, taking the perspective that, a priori, we might

have lived at any point in the allowed region, then all parallel lines should be equally likely.
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Scanning mt, mh, α3



How to react to all this? 
the Standard Model (after 2012) can be extrapolated to very high energies
this is very unsettling to us, first of all it is completely unprecedented, because we always “needed” 
something else (the famous “guaranteed” discoveries, although some in hindsight)

embrace the SM as “the” theory and use it

insist on its flaws, looking for BSM

before Higgs discovery

one big jammed lane



Invitation
Several deep open questions open for investigation

if the SM is the theory of Nature up to a very large scale far above the reach we 
can image with colliders

no reason to get depressed(!)
we can still gain knowledge on the theory that has to supersede it. 

•big increase of importance of measurements, most of all mt

•still searches are needed to confirm there is nothing new beyond the SM

Keep looking for “sharp edges” 
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• Outlook

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 ? ? ? ? ?

L= c + m2 H2 + l H4

Cosmological Constant
(galaxy formation)

 Fermi constant
(periodic table)

Higgs boson mass
(meta-)stability of the Universe

arXiv:hep-ph/9707380 Agrawal et al. -  If μ> 5⋅μSM  periodic table disappears! (neutron decay too fast)
Steven Weinberg Phys. Rev. Lett. 59, 2607 - If c >  200   galaxies would ne be able to form (matter-domination phase too short)cmeasured

arXiv:1205.6497 - Degrassi et al. - If mHiggs grew by 1%, Universe would be unstable (in the SM)

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life
Phys.Rept. 807 (2019) 1-111 - Adams, F.~C. - The Degree of Fine-Tuning in our Universe - and Others 

Coincidences ?
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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• What if fundamental interactions are not just the 
language to describe micro-physics (and supposedly be 
able to derive macro-physics from it) but they also have 
a direct link to everyday life? or simply “life”? 

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928


EFT expectations
L= c + m2 H2 + l H4

[c] = 4
[μ2] = 2

[λ] = 0

• From dimensional analysis the constant term should be the most relevant at 
macroscopic scale, the others are “irrelevant”. Universe expansion ruled by c

• As we proceed to look at phenomena at smaller scales the “irrelevant” terms start 
to play a role. So it is not surprising that “particle physics” parameters 
( ) rule nuclear physics (which rule stars, but much less the Universe 
on the large scale)
me, mW, . . .
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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My take: embrace the SM renormalizability and use our knowledge of fundamental interaction  
to identify more of these “catastrophic boundaries” [1]  at all length scales, or find out whole new 
possibilities for a “complex” world[2].

[1] 1409.0551 - Hall, L.~J. and Pinner, D. and Ruderman, J.~T. - The Weak Scale from BBN 

[2] hep-ph/0604027 - Harnik, R. and Kribs, G.~D. and Perez, G. - A universe without weak interactions

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
https://arxiv.org/abs/1409.0551


What would be needed to predict with some precision the scale 
of instability of the SM ? say at 10%-30% … 

• such result would be the 
input for any “theory” that 
sets the values of the 
fundamental parameters of 
the SM in our Universe
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Figure 1: Running of the quartic Higgs coupling, that determines the Higgs potential and its instability
scale. The ±5� bands associated with the uncertainty in the top quark mass Mt are plotted as dashed
gray, those associated to ↵3(MZ) as dotted red, those associated to Mh as dot-dashed blue.

Improved Mt determination prospects

As the uncertainty on Mt is reflected on the largest uncertainty on eq. (3), we start from
discussing the prospects for progress in its determination. As we assume the validity of the
SM up to very short length scales, the evaluation of the performance of each experiments is
evaluated under this assumption. Top quark loops a↵ect various lower-energy observables, that
are thereby sensitive to the top quark mass. Previous work found that SM fits will not allow
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.
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Improved Mt determination prospects

As the uncertainty on Mt is reflected on the largest uncertainty on eq. (3), we start from
discussing the prospects for progress in its determination. As we assume the validity of the
SM up to very short length scales, the evaluation of the performance of each experiments is
evaluated under this assumption. Top quark loops a↵ect various lower-energy observables, that
are thereby sensitive to the top quark mass. Previous work found that SM fits will not allow
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.

6

unclear at what energy λ(μ) = 0
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Shopping 
list

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],
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Figure 1: Running of the quartic Higgs coupling, that determines the Higgs potential and its instability
scale. The ±5� bands associated with the uncertainty in the top quark mass Mt are plotted as dashed
gray, those associated to ↵3(MZ) as dotted red, those associated to Mh as dot-dashed blue.

Improved Mt determination prospects

As the uncertainty on Mt is reflected on the largest uncertainty on eq. (3), we start from
discussing the prospects for progress in its determination. As we assume the validity of the
SM up to very short length scales, the evaluation of the performance of each experiments is
evaluated under this assumption. Top quark loops a↵ect various lower-energy observables, that
are thereby sensitive to the top quark mass. Previous work found that SM fits will not allow
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.
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Figure 3: Cross section for `+`� ! tt̄ around threshold at NNNLO accuracy and including Higgs-EW
corrections, obtained with the QQbar threshold code [47,48]. The background estimated for the CLIC
analysis in [13], of 73 fb, is reported as a dotted line. Left: as function of

p
s, fixed Mt. Right: as

function of Mt, fixed
p
s. We here employ the ‘potential-subtracted’ top mass [49].

(black curve), based on the NNNLO SM predictions from [47,48]. The spike is due to the tt̄ 1s
bound state. Correspondingly, as shown on the right panel of the figure, the cross section at
fixed

p
s depends strongly on Mt.

3 Thanks to the high sensitivity to Mt

d ln �

d lnMt

⇠ 1.6
Mt

�t

⇡ 200 , (4)

a cross section measurement with modest 10% relative accuracy enables a determination of
the top quark mass at the 0.05% level. The cross section close to the threshold is around
500 fb, therefore a collider integrated luminosity as small as L ' 0.2 fb�1 is su�cient for a 10%
statistical uncertainty on the cross section measurement. In turn, based on the rough estimate
above, this measurement could enable a determination of the top mass with �Mt = 510�4

Mt =
86 MeV, close to the instability scale measurement target of �Mt = 50 MeV, fig. 2.

The vast literature (see e.g. [50–53, 13, 54]) on tt̄ threshold cross section measurements at
lepton colliders considers a relatively large integrated luminosity (typically, L ⇠ 100 fb�1),
which can be available at colliders like CLIC, ILC, CEPC and FCC-ee, and quantifies the
expected error on Mt based on the properties (eminently, the shape in energy of the luminosity
spectrum) of the specific collider project under examination. Here instead we want to assess
the characteristics that a generic collider should possess, in terms of integrated luminosity and
luminosity spectrum, for a su�ciently accurate determination of Mt.

Furthermore, existing studies of the top threshold have a broader target than the deter-
mination of Mt, including independent measurements of the top quark width �t and of the

3In the plot, and in the rest of this section, we employ the ‘potential-subtracted’ top mass [49].
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top Yukawa coupling yt. From our perspective instead, �t and yt are predicted by Mt and the
other SM parameters, because no new physics exists to modify the SM relations. All these
parameters can be independently accurately determined with L = 100 fb�1 and a scan on the
center of mass energy Ecm of the collider at ten points with equal integrated luminosity, spaced
by 1 GeV, which is the baseline running scenario for most of these studies. This scan setup
is not far from optimal [13] for the simultaneous determination of all these parameters, but
expectedly not so (see [13] for a discussion) if the only target is the Mt determination as in our
case. A reassessment of the scan strategy is needed.

Apart from the luminosity, the most important feature that a top threshold collider must
possess for an accurate Mt determination is a luminosity spectrum that is narrowly localized
around the nominal collider energy,

p
s ' Ecm. We model the spectrum with a Gaussian

centered at Ecm and standard deviation R/
p
2Ecm, with R = �Eb/Eb the energy spread of

each beam. The relative standard deviation R/
p
2 should be compared with the width of the

cross section shape on the left panel of fig. 3, which in turn can be estimated as �t/Mt. If
it is much smaller than that, namely if R ⌧ �t/Mt ⇠ 1%, the cross section is not a↵ected
by the convolution and the shape of �(Ecm,Mt) displays the strong dependence on Ecm and
Mt previously described. On the other hand, if R is larger the dependence is smoothed out
significantly, as shown by the colored lines in fig. 3, entailing a reduction of theMt measurement
precision.

The heuristic considerations above can be summarized in the following estimate for the error

�Mt ⇡
�t

1.6
p
Nt

"
1 +

✓
MtR

0.5�t

◆2
#p

, Nt = Lh�i, h�i ⇡ 0.5 pb , (5)

where Nt is the total number of produced tt̄ events. The scaling with 1/
p
Nt is dictated by the

statistical accuracy in the cross section measurement, and the prefactor is chosen according to
eq. (4). The factor 0.5 arises matching a Breit-Wigner with a Gaussian. The power p ⇡ 0.45
arises in view of the specific shape of �(Ecm,Mt), and mostly depends on how the sensitivity
in eq. (4) is reduced at large R.

For a solid estimate of the uncertainty we include the smearing due to the energy spread
in the cross section predictions and we performe a �

2 fit to the top mass using measurements
at several Ecm points. A constant background of 73 fb, from the CLIC analysis in [13], is
considered in the analysis. The results are displayed in fig. 4 as �Mt contours in the (L, R)
plane. The figure assumes 70% e�ciency in the reconstruction of the two top quarks [13]. The
e↵ects of Initial State Radiation (ISR) of photons, which are significant for e

+
e
� colliders as

we will see, are not included in the figure. Only statistical uncertainties are included in the fit.
We later comment on the expected systematic and parametric uncertainties.

The left panel of fig. 4 shows the results for ten collider Ecm points, equally spaced by 1 GeV
starting at 340 GeV, with equal luminosity, of L/10, collected at each run. The precision on
Mt is significantly inferior than the one estimated by eq. (5), and correspondingly a higher
luminosity is needed to attain a given �Mt target. For instance �Mt = 50 MeV, for negligible
R, requires more than 3 fb�1, while 0.8 fb�1 would su�ce according to eq. (5) including the 70%
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lepton colliders considers a relatively large integrated luminosity (typically, L ⇠ 100 fb�1),
which can be available at colliders like CLIC, ILC, CEPC and FCC-ee, and quantifies the
expected error on Mt based on the properties (eminently, the shape in energy of the luminosity
spectrum) of the specific collider project under examination. Here instead we want to assess
the characteristics that a generic collider should possess, in terms of integrated luminosity and
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Furthermore, existing studies of the top threshold have a broader target than the deter-
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Figure 5: As in fig. 3, but with Initial State Radiation included, as appropriate for a e
+
e
� collider.

taken with care, while the ones on the left panel are more robust to the true value of Mt. On the
other hand the true value of Mt can be determined with increasing accuracy during the collider
operation, enabling an improved determination of the optimal points. Some tests we performed
assuming the top mass in a safe confidence range, chosen on the basis of the present-day error,
suggest that around twice the luminosity estimated with two optimized scanning points are
su�cient to match the accuracy. For instance, 2 fb�1 is enough for �Mt = 50MeV at small R.
For larger R & 10�2, �Mt = 50MeV requires more luminosity, but still below 10 fb�1.

Initial state radiation

The estimates presented so far apply to a muon collider, while for e+e� colliders the low mass of
the electron entails a significant impact of photons ISR on the cross section, shown in fig. 5. The
e↵ect of ISR is doubly negative. It lowers the value of the cross section close to the threshold
and it reduced its sensitivity to the top mass. The result, shown in fig. 6, is an increase of the
required luminosity of a factor almost 3 at small R. The increase is less prominent when the
beam energy spread is larger, so that ISR has a relatively milder impact on the collision energy
spectrum.

Our results for 10 energy points, including ISR, are in good agreement with the literature.
For instance, the FCC-ee collider with L = 200 fb�1 and beam energy spread R = 2 10�3 [20]
could measure Mt (when �t is varied with Mt according to the SM relation) with ±9MeV
statistical uncertainty [54]. CLIC could reach ±21MeV [52] with the half luminosity and
energy spread R = 2 10�3 [55]. The CLIC performances are slightly inferior, and in less good
agreement with our estimate, possibly because of the beam-beam interaction e↵ects, typical of
linear colliders, that slightly reduce the luminosity in the threshold region.
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• due to muon beam decay and general difficulty 
to deal with low-energy muon beams, thus 
ℒμμ ∝ E2

Collider LEP LEP3 FCC-ee [31] CEPC [59]
Total length L 26.6 km 26.6 km 100 km 100 km

Z Ecm = 91GeV ⇠ 0.004 7⇤ 460 115
W

+
W

�
Ecm = 160GeV ⇠ 0.01 2⇤ 56 16

Zh Ecm = 240GeV 0 1 [35] 17 5
tt̄ Ecm = 350GeV 0 0.1⇤ 3.8 0.5

Table 1: Expected luminosities in 1034 cm�2s�1. The * stands for our estimate, based on rescalings
from available literature.

extensively studied in the literature [50, 52, 13, 58]. They emerge from theory uncertainties on
the resummation of threshold corrections, as well as from fixed order scale variations which
alone amount to around 40 MeV [50]. Current uncertainties from ↵3 are expect to become
negligible with the improvement on the ↵3 determination envisaged in the previous section.
We thus expect systematic uncertainty on Mt of around

�Mt|syst ⇡ 40MeV. (6)

A total uncertainty �Mt = 50MeV, that is expected to settle the vacuum stability question
conclusively as discussed in Section 2, should thus be feasible. The results of the present section
show that a top threshold collider with moderate beam energy spread could attain comparable
statistical precision with few/fb integrated luminosity. This is a factor of 20 less luminosity
than the one foreseen at the currently proposed top threshold colliders.4

Unconventional top threshold colliders

The ILC, CLIC and FCC-ee are mature well-studied collider projects that can match (and
overcome) the �Mt = 50MeV statistical precision target as previously discussed. We devote the
rest of this section to speculate on the feasibility of the top mass measurement at unconventional
colliders that might (or not) be convenient to build given financial or strategic considerations.
Specifically, we consider an extension of the ‘LEP3’ e�e+ proposed future collider, and a muon
collider.

LEP3 [34,35] is a possible circular e�e+ circular collider in the existing LHC tunnel (previ-
ously used for LEP) with length L = 26.6 km. Multiple advances in accelerator physics enable to
reach 240 GeV with 1034cm�2s�1 instantaneous luminosity, as in Table 1, to measure the Higgs
couplings precisely. The possibility of operating LEP3 at the top threshold Ecm ' 350 GeV has
not been studied, and is challenging for multiple reasons. Rough estimates of the conceivably
achievable luminosity, merely based on the power emitted by synchrotron radiation, can be
obtained as follows:

4These colliders have broader scope than the measurement of Mt, which justifies the higher target luminosity.
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* estimates from general physics and [1]

ℒ [1034cm−2s−1]

[1] arXiv:1208.0504 - A. Blondel et al., High Luminosity e+e− Storage Ring Colliders to Study the Higgs Boson 1112.2518].
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Figure 4: Statistical uncertainty on the top mass. Initial State Radiation is neglected,
as appropriate for a muon collider. The left panel assumes running at 10 values of Ecm =
{340, 341, . . . , 349}GeV with L/10 luminosity at each point. The right panel assumes running at
Ecm = {342, 343}GeV with L/2 luminosity at each point. The results are reported in the plane formed
by the beam energy spread R, and the luminosity L. We assumed a 70% e�ciency for tt̄ reconstruc-
tion. In the shaded region the systematic uncertainty on Mt estimated in eq. (6) is larger than the
statistical uncertainty.

e�ciency. This is because the threshold scan points are not optimized for the sensitivity to Mt,
as previously explained. The best results would be obtained by collecting the entire luminosity
at the single point that maximizes the sensitivity. For a true value of Mt = 172 GeV, which we
assume for our analysis, the optimal point would be at Ecm = 343.5 GeV, nearly independently
of the beam energy spread. However with a single energy point the �2 often displays a secondary
minimum, and furthermore a running scenarios with multiple energy points is arguably favored
for the reduction of systematic uncertainties that are correlated at the di↵erent points.

We thus consider two energy points spaced by 1 GeV, whose optimal positions are found to
be at 333 and at 334 GeV. This configuration improves the result significantly, as shown on the
right panel of fig. 4. The improvement is less pronounced at large R, because the beam energy
spread flattens out the dependence of the cross-section on Ecm, asymptotically making all the
points in the threshold region equally sensitive to Mt. The right panel of the figure is in good
agreement with the estimate in eq. (5).

The scan optimization depends on the true value of Mt, especially when R is small, since the
optimization is less relevant for large beam energy spread as previously explained. The true top
mass is uncertain. Therefore the luminosity estimates on the right panel of the figure should be
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Systematic and parametric uncertainties

Several sources of uncertainty should be included for a realistic analysis, in addition to the
statistical uncertainty we have estimated. First, one should consider experimental systematic
uncertainties in the measurement of the cross section due to the uncertainties on the deter-
mination of the luminosity and of the tt̄ acceptance and reconstruction e�ciency, or on the
background estimate. These uncertainties should be compared with the statistical uncertainty
on the cross section measurements, which is modest (above one percent) for L . 10 fb�1.
Experimental systematics are thus expected to play a minor role.

Uncertainties also emerge from the imperfect knowledge of the beam energy distribution,
namely of the central value Ecm and of the relative spread R of the distribution. The central
value is the reference scale for the measurement, therefore it should be known better than
�Mt/Mt (0.03%, for �Mt = 50MeV) not to impact our findings. The uncertainty on R has
no e↵ect when R is negligible but it can impact our results significantly when R is of order
few per mille or larger and the cross section is a↵ected at order one by the convolution with
the beam spectrum. An R determination as accurate as �Mt/Mt is expectedly needed in the
large R regime. This aspect was investigated in details for linear colliders in [56] (see also [57]),
showing that the beam energy distribution parameters can be measured in Bhabha events with
enough precision not to not a↵ect the top mass determination. The conclusion might hardly
be di↵erent for circular e+e� colliders, but the point should probably be reassessed in the case
of muon colliders.

The e↵ect of systematic and parametric uncertainties on the cross section prediction is
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Figure 4: Statistical uncertainty on the top mass. Initial State Radiation is neglected,
as appropriate for a muon collider. The left panel assumes running at 10 values of Ecm =
{340, 341, . . . , 349}GeV with L/10 luminosity at each point. The right panel assumes running at
Ecm = {342, 343}GeV with L/2 luminosity at each point. The results are reported in the plane formed
by the beam energy spread R, and the luminosity L. We assumed a 70% e�ciency for tt̄ reconstruc-
tion. In the shaded region the systematic uncertainty on Mt estimated in eq. (6) is larger than the
statistical uncertainty.

e�ciency. This is because the threshold scan points are not optimized for the sensitivity to Mt,
as previously explained. The best results would be obtained by collecting the entire luminosity
at the single point that maximizes the sensitivity. For a true value of Mt = 172 GeV, which we
assume for our analysis, the optimal point would be at Ecm = 343.5 GeV, nearly independently
of the beam energy spread. However with a single energy point the �2 often displays a secondary
minimum, and furthermore a running scenarios with multiple energy points is arguably favored
for the reduction of systematic uncertainties that are correlated at the di↵erent points.

We thus consider two energy points spaced by 1 GeV, whose optimal positions are found to
be at 333 and at 334 GeV. This configuration improves the result significantly, as shown on the
right panel of fig. 4. The improvement is less pronounced at large R, because the beam energy
spread flattens out the dependence of the cross-section on Ecm, asymptotically making all the
points in the threshold region equally sensitive to Mt. The right panel of the figure is in good
agreement with the estimate in eq. (5).

The scan optimization depends on the true value of Mt, especially when R is small, since the
optimization is less relevant for large beam energy spread as previously explained. The true top
mass is uncertain. Therefore the luminosity estimates on the right panel of the figure should be
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Systematic and parametric uncertainties

Several sources of uncertainty should be included for a realistic analysis, in addition to the
statistical uncertainty we have estimated. First, one should consider experimental systematic
uncertainties in the measurement of the cross section due to the uncertainties on the deter-
mination of the luminosity and of the tt̄ acceptance and reconstruction e�ciency, or on the
background estimate. These uncertainties should be compared with the statistical uncertainty
on the cross section measurements, which is modest (above one percent) for L . 10 fb�1.
Experimental systematics are thus expected to play a minor role.

Uncertainties also emerge from the imperfect knowledge of the beam energy distribution,
namely of the central value Ecm and of the relative spread R of the distribution. The central
value is the reference scale for the measurement, therefore it should be known better than
�Mt/Mt (0.03%, for �Mt = 50MeV) not to impact our findings. The uncertainty on R has
no e↵ect when R is negligible but it can impact our results significantly when R is of order
few per mille or larger and the cross section is a↵ected at order one by the convolution with
the beam spectrum. An R determination as accurate as �Mt/Mt is expectedly needed in the
large R regime. This aspect was investigated in details for linear colliders in [56] (see also [57]),
showing that the beam energy distribution parameters can be measured in Bhabha events with
enough precision not to not a↵ect the top mass determination. The conclusion might hardly
be di↵erent for circular e+e� colliders, but the point should probably be reassessed in the case
of muon colliders.

The e↵ect of systematic and parametric uncertainties on the cross section prediction is
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Discussion
• even in absence of direct evidence of new physics we can learn rather precisely 

where the SM must give way to new physics. Measuring  at 50 MeV does the 
job. Even a “bad”  collider like LEP3 can make it(!)  

• A muon collider “full scale demonstrator” at 350 GeV does not suffer too much the 
lack of lumi that is typical for muon colliders at low energy and can pinpoint the 
instability scale 

• given the challenges (and costs) of making an  at 350+ GeV, can we strategically 
use the measurement of  as a target for the first “low energy” muon collider? (a full 
scale Col demonstrator from source to collision and experiment)  

• is there room to reduce the demands of major  projects (FCCee, CEPC) to hit 
lower luminosity targets at 350 GeV? (to match the 40 MeV from theory systematics)  

• can we make up for the “  High-Lumi” 365 GeV runs that are meant to produce 
106 top quarks? (e.g. Ztt couplings) 

• is there a physics case for “site filler” options such as LEP3  (or a FNAL site-filler?)

mt
e+e−

e+e−

mt
μ

e+e−

e+e−
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A gauge of the progress made so far
• The depth of the questions that can be asked based on the progress made 

so far witnesses the maturity of the investigation on fundamental interactions  
• The Standard Model being a candidate to be a “complete” theory is not 

necessarily a curse, because this very fact enables the possibility to ask 
deeeeeep questions on the Universe. We should not miss the opportunity to 
use our knowledge of fundamental interactions in this direction  

• The guaranteed discovery of the Higgs or its substitute at the LHC is a very 
enviable position under which ambitious projects could be envisioned and 
implemented. 

• None of the future colliders currently under study enjoy this enviable position 
… back to regular science exploration
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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?

EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

Future Colliders can provide significant advances on these issues

Several deep open questions open for investigation
Conclusions

A C C E L E R AT O R S
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A S T R O / C O S M O

“ A N T H R O P I C S ”



thank you for listening!



T. Sen e+e- ring at Fermilab

VLLC; a site filler injector and collider

Workshop at IIT, Chicago in 2001 
Proceedings, ed. G. Dugan & A. Tollestrup
Sen and Norem, PRSTAB 5, 031001 (2002)

• Circumference= 16.163 km
• 1)Collider ring at fixed energy

2) Accelerator ring for topping up. 

T. Sen e+e- ring at Fermilab

Higgs Factory Parameters
Circumference [km]
Synchrotron Radiation power, both beams [MW]
Energy [GeV]
Luminosity [cm-2 sec-1]
Hourglass factor
βx*, βy* [cm]
Particles/bunch
Number of bunches 
Beam-beam parameters ξx, ξy
Beam current [mA]
Emittances [nm]
Damping partition numbers Jx, Jy, Jz
Energy lost/turn [GeV]
Rf voltage [GV]
Damping time (τs)  [turns]
Bremsstrahlung lifetime [mins]
Beamstrahlung upsilon parameter

16.0
100
120
5.2 x 1033

0.89
20, 0.2
7.9 x 1011

2
0.067, 0.095
4.8
23, 0.1
1.5, 1, 1.5
10.5
12.8
11
18
8.8 x 10-4

Fermilab “Site Filer”
A reference point 



open questions



Open Questions on the “big picture” on 
fundamental physics circa 2020

Nothing we have measured in high energy physics 
makes so much of a distinction between particles 
and anti-particles.

The observable Universe is made of matter, no antimatter

We need to go from this

to this

out-of-equilibrium processes are necessary 

particles
antiparticles



Open Questions on the “big picture” on 
fundamental physics circa 2020

The observable Universe is made of matter, plus about 5 times as 
much dark matter

We need to go from this

to this

interactions rate from                              are just about right! 

normal particles
dark matter

σ = ( gweak

Mweak )
2

antiparticles
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M

A puzzle we have no idea how to solve
M E C H A N I C S  FA I L S ?N E W T O N I A N

v ∝
1
r

r

Perfect in our “neighborhood”
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M

A puzzle we have no idea how to solve
M E C H A N I C S  FA I L S ?N E W T O N I A N

v ∝
1
r

r

Perfect in our “neighborhood”

19
89
A&
A.
..
22
3.
..
47
B

Begeman, K. 1989, A&A, 223, 47 

NGC 3198
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A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist
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A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist• We know the scope of the search for Dark Matter is huge

• In principle, it can be very elusive (to all experiments)

• The simplest history of the early Universe suggests the 
“TeV” mass range

• Accelerators are the only way to go see it and study it in 
detail 



Open Questions on the “big picture” on 
fundamental physics circa 2020

EFT

EFT

? • 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?

EACH of  these issues one day will teach us a lesson
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A puzzle (today) we know how to solve
R E L AT I V I T YA F T E R
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re

E =
1

4⇡✏0

e2

re

A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

re → 0
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Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
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After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem
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Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
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�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re

E =
1

4⇡✏0

e2

re

A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem



Roberto Franceschini - Sep 26th 2024 - Top2024 - https://indico.cern.ch/event/1368706/

e– 

γ

e– 

e– 

e+ 

γ 

e– 

e+

γ

e– 

Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re

E =
1

4⇡✏0

e2

re

A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem

• Similar arguments would require a contribution of the 
electric filed to the mass of the charged pion

• In that case the solution is not an antiparticle, but a “heavy 
photon”, the  meson, somewhat heavier than the pion

• In the grand picture, both the positron and the  meson 
appear at the same scale where the problem arises.

ρ

ρ


