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The Standard Model is Complete!
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Why Higgs Physics at a future 
collider?
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The Higgs brings more 
questions than answers
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Unfortunately the LHC hasn’t 
provided the answers as of yet
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Why were/are we waiting for 
future colliders then?
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At some level we didn’t realize how weird the 
universe is until the LHC and we hadn’t made 

the case for future colliders 

(theorists including myself are to blame) 
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How fundamental and how confusing the Higgs is easy to understand 
just from the potential in the SM from the physicist point of view

V(h) ∼ − μ2h2 + λh4

h

V(h)
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Why does EWSB occur?
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h

V(h)

h

V(h)

V(h) ∼ − μ2h2 + λh4 V(h) ∼ + μ2h2 + λh4

The SM is predicated on the spontaneous breaking of the EW 
symmetry, we do it by hand with the dumbest possible choice!
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h

V(h)

h

V(h)

V(h) ∼ − μ2h2 + λh4

Life is due to a minus sign…
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If the Higgs is elementary quantum corrections behave 
differently for it than any other fundamental particle!

m2
h ∼ μ2 + Λ2

UV scale, could be the 
Planck scale without 

new physics! 
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The scale of EWSB is quadratically 
sensitive to any new UV physics scale Λ

Closely related question, why does EWSB occur 
at the scale it does? AKA naturalness 
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Our universe seems incredibly 
fine-tuned to have big things in it!

m2
h ∼ μ2 + Λ2

UV scale, could be the 
Planck scale without 

new physics! 

Closely related question, why does EWSB occur 
at the scale it does? AKA naturalness 



Many theorists were already trying to 
solve the next step beyond the Higgs 

before the Higgs discovery because the 
idea of it is so weird/unique  

(e.g. supersymmetry, extra dimensions, 
composite Higgs, little Higgs, etc)
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Nevertheless we’re starting to improve 
how we explain to more general 

audiences how fundamental the Higgs is
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The Higgs field is 
responsible for the 
existence of all life!

15AI prompt: Peter Higgs bringing life into existence in the universe



The centrality of the Higgs in the SM also puts it at the forefront of 
many of our deepest questions about our universe at a technical level

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?
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Therefore let’s look under the Higgs lamppost to 
try to answer our questions
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Historically when we want to study 
a particle in depth we make a 

“factory”
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Fortunately there are many “shovel ready” options 
(see next talk for more details)

Do they all do the job?
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+ other 
concepts that 

are close
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Indeed they all fit the bill and improve on LHC
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Report of the 2023 Particle Physics Project Prioritization Panel

2: The Recommended Particle Physics Program 19

In addition, we recommend continued support for the following ongoing experiments at 
the medium scale (project costs > $50M for DOE and > $4M for NSF), including completion 
of construction, operations, and research: 

d. NOvA, SBN, T2K, and IceCube (elucidate the mysteries of neutrinos, section 3.1).

e.  DarkSide-20k, LZ, SuperCDMS, and XENONnT (determine the nature of dark matter, 
section 4.1).

f. DESI (understand what drives cosmic evolution, section 4.2).

g. Belle II, LHCb, and Mu2e (pursue quantum imprints of new phenomena, section 5.2).

The agencies should work closely with each major project to carefully manage the costs 
and schedule to ensure that the US program has a broad and balanced portfolio.

Recommendation 2: Construct a portfolio of major projects that collectively 
study nearly all fundamental constituents of our universe and their interactions, 
as well as how those interactions determine both the cosmic past and future. 

These projects have the potential to transcend and transform our current paradigms. They 
inspire collaboration and international cooperation in advancing the frontiers of human 
knowledge. Plan and start the following major initiatives in order of priority from highest 
to lowest:

a.  CMB-S4, which looks back at the earliest moments of the universe to probe physics 
at the highest energy scales. It is critical to install telescopes at and observe from 
both the South Pole and Chile sites to achieve the science goals (section 4.2).

b.  A re-envisioned second phase of DUNE with an early implementation of an enhanced 
2.1 MW beam — ACE-MIRT— a third far detector, and an upgraded near-detector 
complex as the definitive long-baseline neutrino oscillation experiment of its kind 
(section 3.1).

c.  An offshore Higgs factory, realized in collaboration with international partners, in 
order to reveal the secrets of the Higgs boson. The current designs of FCC-ee and 
ILC meet our scientific requirements. The US should actively engage in feasibility 
and design studies. Once a specific project is deemed feasible and well-defined (see 
also Recommendation 6), the US should aim for a contribution at funding levels com-
mensurate to that of the US involvement in the LHC and HL-LHC, while maintaining 
a healthy US onshore program in particle physics (section 3.2).

d.  An ultimate Generation 3 (G3) dark matter direct detection experiment reaching the 
neutrino fog, in coordination with international partners and preferably sited in the 
US (section 4.1).

e.  IceCube Gen-2, for study of neutrino properties complementary to DUNE and for indirect 
detection of dark matter covering higher mass ranges, using non-beam neutrinos as a 
tool. (section 4.1).

P5:
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But what does it mean: do 
Higgs factories do the job?
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One definition could be: do we 
measure all Higgs couplings to high 

precision?
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The SM Higgs is an unprecedented particle. 
LEP was a Z boson factory and produced   

~ 17 Million Z bosons 
Higgs Factories produce 
~ 1 Million Higgs bosons 

All major Branching Fractions are ≳ 𝒪(1%)
The same Higgs Branching Fractions  

span 8 to 20 ORDERS OF MAGNITUDE 
or more!

A Higgs factory is a great start but we need to 
plan for the future as well!24
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Unfortunately no one 
has a clue how to make 
at least a Zetta( )-

Higgs Factory to attempt 
to complete this plot, 
but can we go further 

than MegaHiggs?

1021



+ more  
derivatives  

=  
self-interactions

Experimentally we look for multi-Higgs production

26

h

V(h) ∂V(h)
∂h

h=v

= 0

∂2V(h)
∂h2

h=v

= m2
h

V(h) ∼ − μ2h2 + λh4

λhhh ∼ λv λhhhh ∼ λ

This also extends to the new types of couplings that only the Higgs 
has and we’ve never seen before (AKA studying its potential)

 sensitivity firstκλ



Visually this is more striking than giving you a table first, but we’re 
still a long way from nailing down the SM potential even with HL-LHC

27

H/T N.Craig, R. 
Petrossian-Byrne 

Current LHC HL-LHC



However, it’s hard to improve with only a low energy 
Higgs factory (and more model dependency comes in)

26

collider Indirect-h hh combined
HL-LHC [78] 100-200% 50% 50%

ILC250/C3-250 [51, 52] 49% � 49%
ILC500/C3-550 [51, 52] 38% 20% 20%

CLIC380 [54] 50% � 50%
CLIC1500 [54] 49% 36% 29%
CLIC3000 [54] 49% 9% 9%
FCC-ee [55] 33% � 33%

FCC-ee (4 IPs) [55] 24% � 24%
FCC-hh [79] - 3.4-7.8% 3.4-7.8%
µ(3 TeV) [64] - 15-30% 15-30%
µ(10 TeV) [64] - 4% 4%

TABLE IX: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. Values for indirect
extractions of the Higgs self-coupling from single Higgs determinations below the first line are taken from [2]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
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FIG. 27: Limits on the Higgs self-coupling at future machines.

GeV and at hadron machines (FCC-hh).
The proposed e

+
e
� Higgs factories—CEPC, ILC, C3 , CLIC, and FCC-ee—can access the Higgs self-coupling

through analysis of single Higgs measurements. This relies on the fact that these colliders will measure a large
number of individual single Higgs reactions with high precision, allowing an indirect analysis of possible new physics
contributions to the self coupling through loop e↵ects. It will be important to have data at two di↵erent center of
mass energies to increase the level of precision and this requires reaching the second stage of a staged run plan.

The values for the indirect Higgs measurement of the self-coupling given in Table IX are combined with a HL-LHC
projected error of 50% [2, 80]. Thus, only values well below 50% represent a significant improvement. The various
estimates are computed using di↵erent assumptions on the inclusion of SMEFT parameters representing other new
physics e↵ects. On the other hand, many of the values quoted for hh production are derived from fits including the
single parameter � only. At e

+
e
� colliders it is more straightforward to simulate the relevant backgrounds, but

there is less experience with the high-energy regime studied here. The uncertainties in the direct determinations at
e
+
e
� colliders are computed using full-simulation analyses based on current analysis methods. These have much room

for improvement when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but the estimates are
consistent with the improvements in analysis methods that we have seen already at the LHC.

The projected sensitivities to the Higgs boson self-coupling at the various future colliders are presented in Ta-
ble IX and shown graphically in Fig. 27. A measurement with O(20%) on the Higgs self-coupling would allow to
exclude/demonstrate at 5� some models of electroweak baryogenesis as discussed in Section V.

Light quarks contribute to the gluon fusion production of di-Higgs through loop e↵ects and can be used to place
limits on f [81]. The resulting limits on c and b do not improve on limits from single Higgs production. Di-
Higgs production at the HL-LHC does, however, provide some limits on the first generation Yukawa couplings as
shown in Figure 28. Without a UV model these large values of the first generation Yukawa couplings would be
hard to reconcile with other measurements. However, in Section V B1 we discuss how there is a new mechanism
that can easily accommodate shifts in the first and second generation Yukawa couplings without being conflict with
experimental data.

A variety of beyond the Standard Model scenarios predict new resonances decaying to a pair of Higgs bosons.

Snowmass Higgs report 2209.07510
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So if we need more Higgs, Di-Higgs, and 
 Higgs events what do we do?N > 2

29



MORE ENERGY!

Nev = ℒσ

Hard to increase 
(power and time 

are precious)

Lepton colliders can  
Increase this at high Energy

Similar concept to LHC/FCC-hh for why more Energy means more Higgs!
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μ +μ - Higgs Production
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Figure 4. Figure reproduced from [24] showing various Higgs process as a function of COM energy. The dashed curves
correspond to s-channel annihilation processes, while the solid curves all are from Vector Boson Fusion.

energy. Given this general chain of logic, it is therefore useful to consider various staging options based on
the physics outcomes that could be achieved.

The canonical example of a low energy stage of a muon collider is a machine running at 125 GeV
COM designed to produce the Higgs through an B-channel resonance. The idea of producing a Higgs
through the B-channel muon-antimuon annihilation goes back many decades, see for example [25]. However,
since the discovery of the Higgs in 2012, more detailed investigations have become available, pointing to
the unique opportunity of directly measuring the Higgs width by a lineshape mapping process. Such a
collider would also provide complementary Higgs coupling measurements, including a measurement of the
muon Yukawa coupling at the subpercent level. The scenario where one or more 4

+
4
� Higgs factories are

constructed will not render the 125 GeV muon collider an uninteresting staging option. On the contrary, as
shown in Ref. [26], there is a strong synergy between a 240 GeV 4

+
4
� and a 125 GeV muon collider due

to their different production channels. A combination of the two provides significantly better results on
the coupling determination than individual ones. This will be discussed further in Section 3.3, where also
the complementarity with measurements at 10 TeV is explicitly discussed. A possible disadvantage to this
particular staging option is that it requires beam conditions that are more challenging than those needed at a
higher energy muon collider.

There are of course other staging possibilities than 125 GeV or 3 TeV, although these have been worked
out in the most detail thus far. A balance has to be struck between what makes a high energy muon collider
so attractive in terms of luminosity and power consumption and the fact that lower energy stages would
necessarily come with lower luminosity. At this moment, further studies are needed to optimize a staging
plan to achieve the largest physics reach of a combined program within a muon collider and in conjunction
with other colliders. Nevertheless, there are some obvious interesting options, some of which have received
at least preliminary attention. For example, it was recently proposed that a muon collider running at the
2<C with foreseeable luminosities could provide a sufficiently precise top mass measurement to answer the
question of whether our universe is stable or metastable [27]. Additional possibilities for measuring the W
mass and top mass more precisely are given in Ref. [28]. At 10 TeV, a high energy muon collider also does
not provide a strong measurement of the top Yukawa coupling compared the the LHC in the standard CC̄⌘

analysis as can be understood from Figure 4. Although the ultimate sensitivity of a high energy muon collider
still needs investigated, as new methods for measuring couplings can open up with energy, for example the

– 11 –
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Outcome of US strategy process (Snowmass/P5)

Recommendation 2: Construct a portfolio of major 
projects that collectively study nearly all 
fundamental constituents of our universe and their 
interactions, as well as how those interactions 
determine both the cosmic past and future.

c) An offshore Higgs factory, realized in collaboration with 
international partners, in order to reveal the secrets of the 
Higgs boson. The current designs of FCC-ee and ILC meet 
our scientific requirements. 

Recommendation 4: Invest in a comprehensive initiative to develop the 
resources—theoretical, computational, and technological—essential to 
realizing our 20-year strategic vision. This includes an aggressive R&D 
program that, while technologically challenging, could yield revolutionary 
accelerator designs that chart a realistic path to a 10 TeV pCM collider.

Higgs Factory 10 TeV PCM

Linear colliders could also go in 
between depending on Higgs factory

“Now”
20ish years 10 TeV 

50ish years (w/context) 100 TeV pp
more? years 10 TeV WFA

μ+μ−
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What does that buy you?
10 TeV μ+μ- @ 10 ab-1

250 GeV e+e- + HL-LHC

κW κZ κg κγ κZγ κc κt κb κμ κτ BRBSM

95 % κ3
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Figure 13. The current state of the art for Higgs couplings at a 10 TeV µ
+
µ
� collider in isolation

compared to the combination of a 250 e
+
e
� collider and the HL-LHC, and we use the fitting

procedure described in Appendix B. Here 3 is the trilinear Higgs self-coupling result from [4, 15].
We have used the assumption |f | < 1 for other couplings for the muon collider, which gives strictly
weaker precisions than the assumption |V | < 1 and is justified for theories violating |V | < 1 after
incorporating direct searches at the muon collider. No assumptions are made for the 250 GeV e

+
e
�

+ HL-LHC fit, since the direct search reach is not high enough to justify any. The muon collider
fit results assume forward muon tagging up to |⌘|  6 and use the off-shell yt constraint of 1.5%
from [32, 33].

single Higgs couplings demonstrated in this paper, as well as measurement of the triple Higgs
coupling [4, 15] and a measurement of the top Yukawa using interference methods [32, 33]
in Figure 13.

Clearly, as shown in Figure 13, a high energy muon collider provides a striking advance
for single Higgs precision, exotic branching fractions and multi Higgs tests, even if it were
to be the only collider built post LHC. If a Higgs factory is built beforehand it would
add complementary knowledge. However, by fixating on Higgs precision alone it projects
our knowledge of EWSB into a lower dimensional space and does not accurately reflect
the abilities of a muon collider. Obviously the true hope of any new collider is to find a
deviation in the Higgs sector which could shed light on the numerous fundamental questions
the Higgs has left us with. However, this means we need to understand the testable space
not just in Higgs couplings, but in a UV “model” space as well. From this perspective we can
unfold any EFT or coupling modifier prescription into a mass and coupling plane for new
Higgs physics [25, 101]. A given single Higgs precision measurement lives solely on a curve

– 28 –

2308.02633 M.Forslund, PM

See also great talk 
by Alessandro 
Montella from 

earlier this week
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What does that buy you?
HL-LHC HL-LHC HL-LHC

+10 TeV +10 TeV
+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
e
�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ
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� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ
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� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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High energy provides a way to higher 
precision Higgs physics (and physics 

beyond the Higgs) - but does it matter?
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Is there a threshold on precision 
where we actually answer 
questions we care about? 
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We know we can connect questions to observables, but 
what’s the threshold of precision we need to achieve?

1.4 Electroweak Sector of the Standard Model 17

Figure 1-5. Examples of the interplay between experimental observables and fundamental questions
connected to the Higgs boson.

1.4.1.1 Higgs present and future

The LHC Run 2 with about 140 fb�1 of data analyzed is providing a wealth of new measurements for the
Higgs sector. The most recent Higgs-boson mass measurements, from CMS and ATLAS, set its value to
be 125.38±0.14 GeV [19] and 124.92±0.21 GeV [20] respectively, using both the diphoton and ZZ decay
channels. The Higgs-boson mass is a free parameter in the SM and it is now known to per-mille accuracy.
We are entering the era of precision Higgs physics, with some of the Higgs-boson couplings measurements
approaching O(5-10)% precision. All the major production mechanisms of the SM Higgs boson (h) have
been observed at the LHC: gluon fusion (ggF), vector-boson fusion (VBF), the associated production with a
W or Z boson (Wh, Zh), and the associated production with top quarks (tth, th). All of these channels are
precisely measured, with the experimental sensitivity of some modes nearing the precision of state-of-the-art
theory predictions. Further details of the current LHC measurements at ATLAS and CMS are contained
within the Higgs-physics Topical Group report [14].

A simultaneous fit of many individual production rate times branching-fraction measurements is performed to
determine the values of the Higgs-boson coupling strength. The -framework defines a set of parameters (X

for X = W, Z, . . .) that a↵ect the Higgs-boson coupling strengths without altering the shape of any kinematic
distributions of a given process. SM values (X =1) are assumed for the coupling strength modifiers of first-
generation fermions, the other coupling strength modifiers are treated independently. The results are shown
in Fig. 1-6 for ATLAS and CMS. In this particular fit, the presence of non-SM particles in the loop-induced
processes is parameterized by introducing additional modifiers for the e↵ective coupling of the Higgs boson
to gluons, photons and Z�, instead of propagating modifications of the SM-particle couplings through the
loop calculations. In these results, it is also assumed that any potential e↵ect beyond the SM does not
substantially a↵ect the kinematic properties of the Higgs boson decay products. The coupling modifiers are
probed at a level of uncertainty of 10%, except for b and µ (⇡ 20%), and Z� (⇡ 40%). Notably absent
are couplings to light fermions, many of whose SM values are out of reach for a LHC measurement (i.e the
up, down, strange, charm, and electron couplings) but further details may be found in the Higgs-physics
Topical Group report [14].

The scalar potential of the SM responsible for the EWSB mechanism, is currently still very far from being
probed. After EWSB, the SM scalar potential (see Eq. 1.3) gives rise to cubic and quartic terms in the
Higgs-boson field, induced by the self-coupling term (�). Within the SM, the Higgs-boson self-coupling is
fully predicted in terms of the Fermi coupling constant and the Higgs-boson mass, which has been measured
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It’s very hard to create a no lose 
theorem based on precision alone.
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Mapping out the phase diagram of EW 
symmetry breaking in the early universeThe Beam Energy Scan at the Relativistic Heavy Ion Collider 3

Figure 1. A conjectured QCD phase diagram with boundaries that define various states of QCD matter.

1. Introduction

A major goal of high-energy nuclear collisions is to determine the phase diagram for
matter that interacts via the strong nuclear force. In contrast to the countless, very distinct
phase diagrams found in condensed matter physics, the phase diagram probed in heavy-ion
collisions is a unique and fundamental feature of Quantum Chromodynamics (QCD). The
most experimentally accessible way to characterize the QCD phase diagram [1] is in the plane
of temperature (T ) and the baryon chemical potential (µB) [2]. Figure 1 is a conjectured
version with µB on the horizontal axis. It shows a schematic layout of the phases, along with
hypothesized indications of the regions crossed in the early stages of nuclear collisions at
various beam energies.

Hadronic matter is a state in which the fundamental constituents, quarks and gluons, are
confined in composite particles, namely baryons and mesons. At high energy densities, QCD
predicts a phase transition from a hadronic gas (HG) to a state of deconfined, partonic matter
called the quark-gluon plasma (QGP) [3, 4]. In hot and dense QCD matter, the hadrons are
melted into their constituent quarks, and the strong interaction becomes the dominant feature
of the physics. In addition to the confined-deconfined transition, a chiral phase transition is
postulated. Since the intrinsic scale of QCD is LQCD ⇠ 200 MeV, it is conceivable that the
chiral phase transition line extends from around T ⇠ LQCD at low baryon number density (nB)
to around nB ⇠ L3

QCD ⇠ 1/fm�3 at low T .
Lattice QCD calculations have established that the quark-hadron transition to be a

crossover transition at the temperature around 154 MeV for µB = 0 [5, 6, 7, 8, 9]. On the
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We can play a similar 
game to our heavy 

ion friends  
(although not quite as 

directly)
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Next era in SM history is the “Electroweak 
Phase Transition”

Higher T
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It turns out we don’t even know that there was 
symmetry restoration at temperatures  EW scale!≫

Unrestored Electroweak Symmetry 

PM, H. Ramani 
1807.07578
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Higher T?

If it was restored could we get at the order of the 
phase transition experimentally?
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We need 10 TeV PCM for a “no lose” theorem
HL-LHC HL-LHC HL-LHC

+10 TeV +10 TeV
+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
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�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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What does precision mean more 
generally? And what does it let us 

probe?

46



There is no such thing as a model 
independent interpretation of precision: 

not  nor EFTsκ
We like EFTs because they can systematically compress the 
seemingly infinite space of UV BSM theories, provided they 
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At a Higgs factory with high precision everything plays pretty 
nicely in EFT framework, but elsewhere? LHC, ILC, CLIC, 

FCC-hh, Muon Colliders? 

For a given 
precision on 

Wilson 
coefficients Co
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What is the mapping to possible BSM theories?
48



This is an exercise you can do just based on the 
precision of a Higgs observable, independent of collider!
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These scales can be probed directly at the LHC, 
Linear Colliders, FCC-hh, Muon Collider

5

FIG. 3: Typical Higgs coupling deviations depending on whether the couplings are generated from new physics that generates
tree level e↵ects or loop level e↵ects primarily. Optimistically assuming all new physics couplings or ratios of new physics scales
are O(1) gives a conservative upper bound on the highest scales probed by Higgs coupling deviations. Based on assuming a
precision for Higgs coupling deviations of 1 ! .1% this shows that Higgs couplings probe scales from as weak as M ⇠ 100 GeV
to as strong as M ⇠ 5.5 TeV.

is crucial to combine the myriad of related measurements to understand fully the Higgs sector.
Given the basic link between the scale of new physics and the precision measurements of Higgs boson properties,

it is useful to survey the proposed experiments to understand which options reach the per cent or per mille accuracy.
This is clearly one of the main highlights of this report, as well as the previous European Strategy Group report [2].
In Section IV, the relevant inputs and specific projected sensitivities at various machines are shown. To give a more
global perspective we illustrate schematically the outcome for precision Higgs physics in Figures 4 and 5.

These snapshots di↵er from most in the literature in two key ways: First, the more coarse grained approach to
precision of the Higgs boson measurements, where we have delineated the capabilities based on the order of magnitude
of the uncertainty achieved. While the usual fine grained approach is found in Section IV, based on the arguments
about the scale of new physics probed, the di↵erence between a 1% and 2% measurement is not particularly crucial
compared to the order of magnitude. This is especially true because the projected inputs to Snowmass and ESG [2]
were derived with di↵erent levels of rigor and assumptions. As the LHC has demonstrated on numerous occasions,
even in a di�cult collider environment, experimental techniques can often surpass projections. Second, there are
numerous properties in the snapshot that are not typically listed in an EFT or ”” fits such as first generation
couplings, and the Higgs quartic coupling. This is to emphasize that the SM is far from being complete, and the
Higgs boson, as its central figure, requires continued experimental e↵ort to claim that the SM is “complete”. Finally
it also demonstrates where clearly more work is needed, including potentially new observables and ideas.

The summary of Higgs precision properties shown in Figures 4 and 5, of course, contain numerous caveats, as the
measurements of the various properties listed are done in very di↵erent ways. As displayed, it can be thought of as
akin to a “kappa-0” or EFT fit. Larger deviations in Higgs boson properties typically signify lower scale physics e↵ects
which are not captured by EFT/ fits, and di↵erential distributions or other observables may be key. Moreover, with
the Higgs portal motivation, there can be new decay modes of the Higgs which are not fully captured in Figs. 4-5.
There is no possible way to model independently characterize all BSM e↵ects on Higgs physics and going beyond this
summary requires model interpretations as discussed further in Section V. In this context, all EFT interpretations
should also be thought of as models with thousands of parameters. What Fig. 4-5 do show is that all of the currently
proposed colliders that are Energy Frontier benchmarks o↵er exciting windows into understanding the Higgs. To
further di↵erentiate amongst collider options requires understanding the di↵erences in the types of BSM physics that
these Higgs precision measurements correlate with, that we attempt to address more in Section V, as well as how
useful they are in the context of other Topical Group measurements. Additionally, one must ask the question what
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Concrete/Cute example how strange is the 
strange Yukawa?

(a) Z ! ⌫⌫̄ channel

(b) Z ! `¯̀ channel

2 4 6 8 10 12 14

Tested POI, �s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
L s

ILD Preliminary, L = 900 fb�1
p

s = 250 GeV, P (e�, e+) = (�80%, +30%)
95% CLs upper limit: 7.14

Expected CLs

±1� expected CLs

±2� expected CLs

� = 0.05

(c) Combined

Figure 22: CLs upper limit plots for the Higgs-strange coupling strength modifier, s, obtained from
fitting the yields in the Z ! ⌫⌫̄ and Z ! `¯̀ signal regions shown in Fig. 21. The combination fit using
both channels is also shown. The crossing of the black and red lines indicates the 95% confidence level.
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To generate such  you need BSM physics that 
couples to strange quarks differently and couples 

to the SM Higgs + symmetry (e.g. SFV 2HDM)

𝒪








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p

H - 2nd Higgs doublet
λHss̄

Nothing to do with SM 
strange Yukawa

s








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p

λ6Hh3

Coupling of 2nd Higgs 
doublet to our Higgs

⟨h⟩ ⟨h⟩s

57



Put them together and it can modify “SM 
Higgs” strange Yukawa








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p

λ6Hh3 ∼
1

Λ2
(shs̄)h2

s

s̄

s

s̄

h

⟨h⟩

H

⟨h⟩

h

Simple parameter space: 
 mass, coupling to strange, mixing with Higgs

58



That’s not the only signal!

Flavor Bounds

Direct LHC Searches
(140 fb-1)

SM Higgs
Measurements (80 fb-1)

LE
P
Bo
un
d

ILD (900 fb-1)
w/ s-tagging

Figure 23: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling �Hss̄ as well as on 125GeV
SM Higgs-strange Yukawa coupling �hss̄/�

SM

hss̄
(i.e., s) for the SFV 2HDM described in Refs. [23, 24]. The

limits are shown as a function of the mass of the CP-even Higgs, mH . The model assumes the CP-even
Higgs H, the CP-odd Higgs A, and the charged Higgs H

± are all degenerate (i.e., mH = mA = mH±)
– additionally, an alignment parameter of cos(� � ↵) = 0.1 is used for the h – H mixing. The green
line shows the bounds obtained from D – D̄ mixing as described in Ref. [23]; the purple lines show
the bounds obtained by requiring the inclusive gluon-gluon fusion cross section to be consistent with
combination measurements from ATLAS [79]; the blue lines show the bounds obtained H ! hh and
A ! Zh measurements from ATLAS and CMS [80, 81, 82]; and the pink line shows the bounds obtained
from the h ! ss̄ analysis presented in this paper. The dashed lines correspond to bounds expected from
the HL-LHC. Also shown are bounds from charged Higgs searches performed at LEP [83]. Drawn as
dotted lines are the contours for the 2HDM’s quartic coupling �6: L � (�6H

†
1
H1H

†
1
H2 + h.c.).

6 Proposal for an alternative detector layout

We have made a preliminary investigation of a possible Ring Imaging Cerenkov system (RICH) detector
capable of ⇡/K separation up to 25GeV at the SiD or ILD detectors. It has been discussed many
times that a gaseous RICH detector is the only way to reach ⇡/K separation up to 30–40GeV – see
Appendix E.

6.1 Overall concept

The detector concept is shown in Fig. 24. The initial choice for the RICH detector thickness was
25 cm active length; however, we also looked at a 10 cm active length to minimise the magnetic field
smearing e↵ect.15 The RICH detector is designed using spherical mirrors and Silicon Photomultipliers
(SiPMs – also referred to as SiPMTs) as photon detectors.16 Fig. 24 resembles the gaseous RICH
detector of the SLAC Large Detector’s (SLD’s) Cherenkov Ring Imaging Detector (CRID) [84]; however,

15The Cherenkov ring is smeared in the focal plane due to the helical motion of the particle in a large magnetic field –
see Section 6.2.4 for more details.

16The present design with SiPM detectors requires that the total neutron dose at RICH’s location is less than ⇠ 5 ⇥
1010 neq/10 years, for which the SiPM damage is expected to be low.
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Resonant di-Higgs sets the current strongest 
LHC bound on deviations of the strange Yukawa!

A. Albert et al
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That’s not the only signal!

Flavor Bounds

Direct LHC Searches
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SM Higgs
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Figure 23: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling �Hss̄ as well as on 125GeV
SM Higgs-strange Yukawa coupling �hss̄/�

SM

hss̄
(i.e., s) for the SFV 2HDM described in Refs. [23, 24]. The

limits are shown as a function of the mass of the CP-even Higgs, mH . The model assumes the CP-even
Higgs H, the CP-odd Higgs A, and the charged Higgs H

± are all degenerate (i.e., mH = mA = mH±)
– additionally, an alignment parameter of cos(� � ↵) = 0.1 is used for the h – H mixing. The green
line shows the bounds obtained from D – D̄ mixing as described in Ref. [23]; the purple lines show
the bounds obtained by requiring the inclusive gluon-gluon fusion cross section to be consistent with
combination measurements from ATLAS [79]; the blue lines show the bounds obtained H ! hh and
A ! Zh measurements from ATLAS and CMS [80, 81, 82]; and the pink line shows the bounds obtained
from the h ! ss̄ analysis presented in this paper. The dashed lines correspond to bounds expected from
the HL-LHC. Also shown are bounds from charged Higgs searches performed at LEP [83]. Drawn as
dotted lines are the contours for the 2HDM’s quartic coupling �6: L � (�6H

†
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H1H

†
1
H2 + h.c.).

6 Proposal for an alternative detector layout

We have made a preliminary investigation of a possible Ring Imaging Cerenkov system (RICH) detector
capable of ⇡/K separation up to 25GeV at the SiD or ILD detectors. It has been discussed many
times that a gaseous RICH detector is the only way to reach ⇡/K separation up to 30–40GeV – see
Appendix E.

6.1 Overall concept

The detector concept is shown in Fig. 24. The initial choice for the RICH detector thickness was
25 cm active length; however, we also looked at a 10 cm active length to minimise the magnetic field
smearing e↵ect.15 The RICH detector is designed using spherical mirrors and Silicon Photomultipliers
(SiPMs – also referred to as SiPMTs) as photon detectors.16 Fig. 24 resembles the gaseous RICH
detector of the SLAC Large Detector’s (SLD’s) Cherenkov Ring Imaging Detector (CRID) [84]; however,

15The Cherenkov ring is smeared in the focal plane due to the helical motion of the particle in a large magnetic field –
see Section 6.2.4 for more details.

16The present design with SiPM detectors requires that the total neutron dose at RICH’s location is less than ⇠ 5 ⇥
1010 neq/10 years, for which the SiPM damage is expected to be low.
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That’s not the only signal!
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Figure 23: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling �Hss̄ as well as on 125GeV
SM Higgs-strange Yukawa coupling �hss̄/�

SM

hss̄
(i.e., s) for the SFV 2HDM described in Refs. [23, 24]. The

limits are shown as a function of the mass of the CP-even Higgs, mH . The model assumes the CP-even
Higgs H, the CP-odd Higgs A, and the charged Higgs H

± are all degenerate (i.e., mH = mA = mH±)
– additionally, an alignment parameter of cos(� � ↵) = 0.1 is used for the h – H mixing. The green
line shows the bounds obtained from D – D̄ mixing as described in Ref. [23]; the purple lines show
the bounds obtained by requiring the inclusive gluon-gluon fusion cross section to be consistent with
combination measurements from ATLAS [79]; the blue lines show the bounds obtained H ! hh and
A ! Zh measurements from ATLAS and CMS [80, 81, 82]; and the pink line shows the bounds obtained
from the h ! ss̄ analysis presented in this paper. The dashed lines correspond to bounds expected from
the HL-LHC. Also shown are bounds from charged Higgs searches performed at LEP [83]. Drawn as
dotted lines are the contours for the 2HDM’s quartic coupling �6: L � (�6H

†
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†
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H2 + h.c.).

6 Proposal for an alternative detector layout

We have made a preliminary investigation of a possible Ring Imaging Cerenkov system (RICH) detector
capable of ⇡/K separation up to 25GeV at the SiD or ILD detectors. It has been discussed many
times that a gaseous RICH detector is the only way to reach ⇡/K separation up to 30–40GeV – see
Appendix E.

6.1 Overall concept

The detector concept is shown in Fig. 24. The initial choice for the RICH detector thickness was
25 cm active length; however, we also looked at a 10 cm active length to minimise the magnetic field
smearing e↵ect.15 The RICH detector is designed using spherical mirrors and Silicon Photomultipliers
(SiPMs – also referred to as SiPMTs) as photon detectors.16 Fig. 24 resembles the gaseous RICH
detector of the SLAC Large Detector’s (SLD’s) Cherenkov Ring Imaging Detector (CRID) [84]; however,

15The Cherenkov ring is smeared in the focal plane due to the helical motion of the particle in a large magnetic field –
see Section 6.2.4 for more details.

16The present design with SiPM detectors requires that the total neutron dose at RICH’s location is less than ⇠ 5 ⇥
1010 neq/10 years, for which the SiPM damage is expected to be low.
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Can play a similar game for the Charm Yukawa

also be recast trivially for a u only modification as well. However, charm tagging of the

Higgs or other associated final states cannot be recast for u. One can also tag or look

for exclusive mesonic decays into the first generation, and in some cases we note where an

experiment has performed this study and interpretation. However, the projected bounds

on u are weaker than existing flavor and direct constraints and therefore not relevant at

the LHC or HL-LHC for this class of models.

Experiment Reference L(fb�1
) Constraints Comments

ATLAS [22] 139 |c| < 2.91 Normalization

CMS [25] 138 |c| < 2.92 Normalization

ATLAS [28] 139
c 2 (�2.27, 2.27)

c 2 (�8.6, 17.3)

(pT measurement,

Shape & Normalization)

pT measurement, Shape only

CMS [29] 138 c 2 (�6, 5.4) h + � associated production

CMS [23] 138 1.1 < |c| < 5.5 c-tagging

ATLAS [30] 140 |c| < 4.2 c-tagging

CMS [31] 138 |c| < 38.1 h + c associated production

ATLAS [21] 139 c/� 2 (�153, 175) h ! J/ � decays

CMS [32] 138 c 2 (�7.5 ⇥ 103
, 7.7 ⇥ 103) h ! J/ Z decays

Table 3: Table of Higgs precision results, note that the results quoted in this table corre-

spond to 95 % C.L. and are recast as bounds on the charm quark coupling modifier. In cases

where the experimental result does not include an interpretation in terms of c we mark

with an asterisk and refer to the text. Using the normalization measurements we can place

similar bounds for the up quark as well. Note also that in reference [29] there is an explicit

translation of their results into coupling modifier language, getting u 2 [�3, 3]⇥103 at 95

% C.L. For the case of [22, 25], in order to translate the signal modifier constraint µ
�� to

the charm coupling modifier presented in this table, we assume that the only modification

to the SM couplings is the one for the charm Yukawa and that the production cross section

does not get modified. For both cases we center the measurements at the SM prediction

namely µ
�� = 1. Finally, for the case of [32], we use the expression in [86] to extract the

constraint presented on the table. Notice that ATLAS has also recently studied associated

production of charm and Higgs inclusively, providing a bound with no c-tagging [33].

In panels (a) and (b) of figure 6 we present the results of the flavor and direct searches

from the previous sections overlaid with the constraints from the single-Higgs precision

results given in table 3 for an alignment parameter of cos(� � ↵) = 0.1. In panel (a)

of figure 6, the results for how charming the SM Higgs can be are shown. Note that there is

strong complementarity between the flavor, direct collider search, and precision single-Higgs

results. In particular, for mH . 300 GeV and mH & 1.2 TeV, the Higgs signal strength

normalization constraints are the strongest, while in the intermediate regime the direct

– 18 –

A lot more experimental effort and possibilities for LHC

A. Giannakopoulou, PM, M. Valli 
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How charming can the Higgs be?

Strongest bounds are often from di-Higgs searches at the LHC!

A. Giannakopoulou, PM, M. Valli 
2410.05236
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Figure 6: We present the constraints for the new Yukawa couplings of our 2HDM model

derived using single-Higgs properties as measured at the LHC at 95 % C.L. The combined

constraints from resonant decays of the Higgs from figure 5 are shown in black and overlaid

with the flavor bounds from section 3. Panel (a): Constraints of the new charm Yukawa

coupling. The solid blue line shows the bounds from the Higgs signal modifier for the

µ
�� channel [22] assuming that the central value is the SM i.e. µ

�� = 1. The dotted

red lines correspond to the constraint obtained by c-tagging searches [30]. The dashed

orange line corresponds to constraints using both shape and normalization of c derived

from pt measurements [27]. When compared to the blue normalization line, this shows

that normalization dominates the results. The maroon dotted dashed line corresponds to

constraints from h+ � production [29]. Panel (b): Constraints on the modified up Yukawa

coupling. The combined constraints from resonant decays of the Higgs eigenstates from

figure 5 are shown in black. The solid blue line corresponds to the bounds derived from the

Higgs signal modifier for the µ
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Figure 6: We present the constraints for the new Yukawa couplings of our 2HDM model

derived using single-Higgs properties as measured at the LHC at 95 % C.L. The combined

constraints from resonant decays of the Higgs from figure 5 are shown in black and overlaid

with the flavor bounds from section 3. Panel (a): Constraints of the new charm Yukawa

coupling. The solid blue line shows the bounds from the Higgs signal modifier for the

µ
�� channel [22] assuming that the central value is the SM i.e. µ

�� = 1. The dotted

red lines correspond to the constraint obtained by c-tagging searches [30]. The dashed

orange line corresponds to constraints using both shape and normalization of c derived

from pt measurements [27]. When compared to the blue normalization line, this shows

that normalization dominates the results. The maroon dotted dashed line corresponds to

constraints from h+ � production [29]. Panel (b): Constraints on the modified up Yukawa

coupling. The combined constraints from resonant decays of the Higgs eigenstates from

figure 5 are shown in black. The solid blue line corresponds to the bounds derived from the

Higgs signal modifier for the µ
�� channel [22]. The maroon dotted dashed line corresponds

to constraints from h� production [29]. Panels (c) and (d) are the same as (a) and (b)

respectively but for cos (� � ↵) = 0.05.
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High energy colliders test Higgs physics in 
complementary and powerful ways!64



Discrete other choice - VLQs 
See great talk by Nudžeim 

Selimović from earlier this week

Nudžeim Selimović Lepton-Quark Fusion at Hadron Colliders, preciselyNudžeim Selimović How large can the light quark Yukawa couplings be?

Exploration of the BSM space
Seven vector-like quarks that allow for the couplings to the Higgs doublet and the SM fermions:

Eight possible simplified models:

All characterised by (schematically):

−ℒ ⊃ λqL
Q1 ϕ qL + λqR

Q2 ϕ qR + λQ1Q2
Q1 ϕ Q2 κq − 1 ∼

v2λqL
λqR

λQ1Q2

MQ1 MQ2

7/19

e.g. Model 1

Figure 11: Allowed parameter range from a fit to electroweak data only in Model 1. The
lighter (darker) color shows the 95% CL interval considering the LEP/SLD measurements
(FCC-ee projections). The dashed lines show fixed values of q in the parameter plane.
Left: Vector-like quarks coupled to the first-generation quarks. Right: Vector-like quarks
coupled to the second-generation quarks.

(q = u, d, c, s) found in Sec. 4 to those obtained by performing an electroweak fit accounting
for the FCC-ee projections. For the models containing the Q1 doublet (namely Models 1,
2, 5 and 7), one of the couplings, �dQ1

or �uQ1
, is set to the best-fit value, which can be

approximated to be zero in all cases. In particular, for Model 1 the best-fit value is �dQ1
= 0,

while for Model 2 it is �uQ1
= 0. Models 5 and 7 can enhance both the up- and the down-type

couplings, and therefore when reporting the value for u,c (d,s) we assume that �dQ1
(�uQ1

)
has been set to its best-fit value.

6 Conclusion

In this work, we have addressed the question of how large light quark Yukawa couplings

can be. In order to do so, we systematically identify simplified models that incorporate a
pair of vector-like quark representations, which contribute to the e↵ective Yukawa couplings
without relying on the insertion of the renormalisable Yukawa coupling, yq. Within the
framework of e↵ective field theory, these models generate a dimension-6 Yukawa-like opera-
tor, �†�(qL�qR)/⇤2, which leads to a significant enhancement compared to the renormalisable
term, yq(qL�qR), as yq ⌧ v2/⇤2. Moreover, our analysis is rather comprehensive, as these
are all possible simplified models that produce such an enhancement without involving any
s-channel resonances decaying into di-jets.

In addition to modifying the Yukawa interactions, the considered models generate ef-
fective operators that a↵ect electroweak precision tests, flavour physics, and Higgs physics.
This includes, for instance, tree-level contributions to operators of the class  2�2D which
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allowed parameter space 
for the same parameters 

(my version) 

See great talk by Nudžeim 
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This isn’t only for shifts in Yukawa couplings, one can 
systematically study this for gauge couplings and 

Higgs self couplings with similar results 

Lesson: We’re just not deep into the decoupling 
regime with precision Higgs physics now or at the 

next proposed generation of colliders 

Higgs physics is more than just Higgs 
physics! 
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Is there an alternative?
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Simplified Models of EW symmetry breaking
• Systematic and finite set of models relevant to Higgs precision we’re probing now or in the 

future


• Still provides a layer to cover a large space of “complete” models by focusing on relevant 
DOF


• Can still use all the great technology that has been developed for EFTs over the last ~ 
decade


• Allows us to identify what the full reach of the LHC for understanding the Higgs - use all 
information not just Higgs precision subset


• Allows one to also identify new search strategies or missing parts of experimental phase 
space at the LHC


• Allows one to compare future colliders on even footing
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Conclusions
• The Higgs is the most unique particle we’ve found in nature, we need future 

colliders to study it better


• We ALSO need to really ask what is the full reach of the LHC for Higgs 
physics?


• We need to think more about connecting physics questions to observables - 
it’s not just “precision Higgs” or searches


• There is a systematic way to combine these


• The energy of future colliders really really matters so we must do the R&D 
worldwide to get us to 10 TeV PCM (and higher)
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