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Huge topic but not much explicit guidance

Hitoshi Murayama artistic impression  
circa 2000s

I clearly can’t cover all this!
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What’s new in BSM theory since the last EPS?

Unless you really believe in the CDF measurement 
not much “trending” from citations alone3



What about experimental guidance for BSM 
theory directions?
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What about historical guidance since this talk 
exists at every incarnation in the last 10 years?
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Conclusion

Compositeness

“Axion” approach can relax the Higgs mass small

Maybe TeV scale is not the mass scale of new 
particles but instead the field value of new physics

Age old solutions to age old problems

Find via axion type experiments

Find via high precision/density/intensity experiments

Historical

Conclusions

2626

Last years saw explosion of research directions in BSM physics

Naturalness remains an important question and fruitful guideline…
‣ (minimal) classical scenarios under pressure
‣ several alternatives are being explored

… but a broader search program is clearly necessary
‣ many open questions in SM
‣ new search strategies at colliders   (eg. model independent approach)

‣ beyond-collider probes

Conclusions
• LHC16 null results push generic conventional solutions to the 

hierarchy problem to the % level or below. 

• Conventional ideas still worth pursuing, but BSM theory for 
the hierarchy problem is approaching a paradigm shift. 

• Data motivates new ideas in old theory frameworks… 

• …and pursuing entirely new theory frameworks. 

• Invariably leads to new experimental signatures & directions. 

• New ideas emerging, many ambitious directions to explore…

Grazie mille!

Null results an invitation for exploration:

Conclusions

• Run1 left the most motivated natural models in a 
somewhat bruised state 

• Run2 will be a big jump in sensitivity  

• The first 10 fb-1 will explore new territory  

• Looking forward to exciting times and (hopefully) 
some guidance from experiment

31 

Conclusions
•  Naturalness is deeply rooted in EFT approach to 

physical phenomena
•  Testing naturalness in Higgs has far-reaching 

consequences for particle physics

IR Naturalness

•  Most welcome outcome
•  New physics is guaranteed
•  Heavy casualties after LHC8 …
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Conclusions
•  Naturalness is deeply rooted in EFT approach to 

physical phenomena
•  Testing naturalness in Higgs has far-reaching 

consequences for particle physics

IR Naturalness
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Breaking a decade long tradition…

• I am not going to talk about naturalness in any great detail today


• I am going to talk about expanding theoretical horizons, but not a specific 
direction


• Specific goal of how to connect searches and precision measurements 
for BSM theories


• How do big ideas/questions map to space of observables so we can 
make sure to maximize (HL-)LHC and future experiments

9



From as “model-independent” point of view, 
where’s the new physics and how do we find it?

Co
up

lin
g t

o S
M

Mass Scale10
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This is an abstraction but it comes up time and time again 
regardless of the deep particle physics question we ask

2209.08215 
Snowmass CF  

TG report

Are some questions sharper and lead to more specific experimental 
targets?  Are there general theory considerations to narrow the space?

15



This is a big space, and it would be nice to give 
theoretical guidance to experimentalists
Co
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This is still a big space, being cut 
off only gravitationally in certain 

directions, can we do better?



Yes, if we focus: EWSB and the Higgs

h

V(h)
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Yes, if we focus: EWSB and the Higgs

h

V(h)
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Doesn’t it look very SM 
like and the SM is now 

“complete”



The Higgs is under appreciated for how 
connected is to so many deep BSM questions

Why do you think there were 10 years of EPS plenary 
talks on naturalness?? The Higgs is really strange!

2

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?

FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.

References 40

I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

Snowmass EF Higgs Topical Report
S. Dawson, PM, I. Ojalvo, C. Vernieri et al

2209.07510
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I’m not going to go through all these, even though I’d 
love to assign a Pedro Pascal meme to all of them

h

V(h)

V(h) ∼ − h2 + h4

22



Nevertheless, isn’t Higgs physics primarily about 
precision now?

κi ≡
gi

gSM
i

c
Λ2

(QHū)H2

“kappa” fits EFT fits, SMEFT/HEFT etc

STXS bins
Higgs self interactions/“Holy grail”  

measurement of HL-LHC
23



If the questions center on the Higgs, do we need to do more than sit 
back and wait for more data for more precision (or a Higgs factory)?

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

Current LHC HL-LHC

Snowmass EF Higgs Topical Report
2209.07510

What precision is sufficient to answer the big 
questions, and is it all that we care about?24



To answer this we need to go further and understand this 
abstract space better and where observables and predictions fit
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To answer this we need to go further and understand this 
abstract space better and where observables and predictions fit
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EFT/
Precision

“Direct Observables”

Models that answer 
questions

Ideal, but 
depends on the 
question asked 



How do we figure out the overlap?

• BSM solutions can span a large space


• Direct observables can be viewed as solution dependent


• Indirect/precision is more “model independent” so let’s start by reverse 
engineering

27

EFT UV 
models



Every QFT describing our universe is an EFT, but an EFT 
doesn’t tell us everything (it’s not model independent)

mm

I
o

May
I woo

mm

I
o

May
I woo

∼ ℒQED +
1

Λ2 (ψ̄γμψ)2

Most everyone in this room is familiar with Fermi 
theory of Weak interactions but we can use EFTs as 

a tool much more broadly

28

Why is this a good strategy?



For example in models of modified EWSB
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κf ≠ 1 or
cfch

M2
(QHū)H2

Where this maps in the coupling/mass plane depends on the 
precision of the observable when viewed in this direction

?
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δkf ∼
v2

M2



Precision and Energy are inexorably linked

We need to understand this mapping otherwise just 
using EFT logic could inadvertently sell the LHC short

This holds for future colliders as well

Mapping to UV QFTs gives correlated observables 
that naively are distinct or not captured from EFT POV

30



This concept is of course straightforward to 
think of in the context of direct searches12 Energy Frontier

Figure 1-2. The direct coverage of various colliders in the schematic space of coupling to the SM versus
mass scale of BSM physics. “Higgs factory” and “multi-TeV colliders” correspond to a generic option among
the ones listed in Table 1-1 and Table 1-2 respectively.

for Higgs related parameters, where v is the vacuum expectation value of the Higgs, or in general as

�⌘SM ⇠ g2
BSM

E2

M2
, (1.2)

where it is assumed that the energy scale E ⌧ M for the formalism to be applicable. If new physics only
creates loop level deviations in a SM observable, then one can insert a loop factor ⇠ 1/16⇡2 into Eqns.
1.1 and 1.2. Therefore depending on the precision achievable, as seen in Eqns. 1.1 and 1.2, mass scales
larger than the direct reach can be probed. We can then overlay these types of indirect collider searches,
particularly relevant for Higgs factories in Table 1-1, on our schematic space of BSM physics shown in
Fig. 1-2, as explicitely illustrated in Fig. 1-3. As can be seen in Fig. 1-3 the energy versus precision trade-o↵
crucially depends on the precision attainable. Suggestively, we have shown a 1% precision often associated
with parameter measurements (except for e.g. the HZZ coupling at Higgs factories), where the scaling
typically does not extend beyond the LHC without invoking strong coupling. However, for quantities that
are measured significantly more precisely, e.g. . 0.1%, at future Higgs-factory programs, such as MW , the
reach can extend much further. This exact scaling in mass reach depends on the type of BSM physics, and
both Higgs parameters and EW observables measured at Higgs factories are important for understanding
complementary measurements available at future multi-TeV colliders. The precision that can ultimately be
reached and in what types of observables strongly motivates advances in detector technology, increases in
luminosity, use of polarization at lepton colliders, and improved theoretical calculations. Moreover depending
on the type of collider, for example at a multi-TeV collider, the dichotomy between precision reach and energy
reach can potentially be bridged with the availability of large statistics for processes as e.g. Higgs production
if the environment can be fully controlled.

There can be a multitude of phenomena studied at low masses, incompatible with the EFT framework at
those energies, that benefit from a reduced background environment at an e+e� Higgs factory. Additionally,
even within one collider, precision measurements and direct searches coexist and o↵er multiple complementary

Community Planning Exercise: Snowmass 2021

Snowmass EF Report
M. Narain, et al 2211.11084

More energy = more reach
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When overlaying precision bounds, you have to 
think more carefully 

1.3 Addressing the Big Questions with EF Colliders 13

Figure 1-3. Kinematic reach of direct and indirect searches in the same coupling-mass plane as in Fig. 1-2.
The solid lines illustrate direct search limits while the dashed lines represent indirect limits. Higgs Factories
(HF) can provide increased reach through indirect searches, benefiting from high-precision measurements. A
1% precision measurement suggests a probed scale of up to a few TeV in perturbative ultra-violet completion
models if BSM physics couples at tree-level to the observables of interest. For illustration the potential LHC
limit is also depicted. If new physics couples at loop-level then the scale probed indirectly is lower. The
ultimate precision, and what scale the multi-TeV colliders can probe is collider specific.

probes. To move beyond scaling it is useful to give a few examples of how direct and indirect complementarity
play out within the EF, as well as what are potential BSM features at low energy that the LHC may be
missing. The remaining of the EF report and the EF Topical Group reports [14–18] will provide examples
and more details, but we list a few illustrative ones here below.

• Higgs couplings and mass reach: the Higgs boson as the primary target for all future EF colliders
provides many examples of the interplay of direct and indirect searches. For example in Two-Higgs
Doublet Models, indirect Higgs-boson precision measurements can be complemented by direct reso-
nance searches, EW precision, flavor physics and beyond. Numerous cases are discussed in Section 1.4.1
and in the corresponding Topical Group report [14].

• Supersymmetry is still a leading example of BSM physics, and while it is a canonical example of direct
searches it also can be tested indirectly in numerous ways [18]. However as shown in Section 1.6.2 for
pMSSM parameter scans, indirect searches at Higgs factories do not exceed the typical region covered
by the HL-LHC. Further examples can be found in several of the EF Topical Group reports [14, 18].

• The search for anomalous Trilinear Gauge Couplings (aTGC) and anomalous Quartic Gauge Couplings
(aQGC) o↵er a particularly interesting example of the interplay of several search strategies and
measurements [16]. At lowest dimension in the SMEFT expansion, deviations are only possible from
BSM physics at loop level from new EW charged states. Therefore in addition to indirect multiboson
measurements, direct searches for charged particles, which generate the e↵ects, are powerful probes.
These can include long-lived particle searches in the degenerate mass limit, or more canonical direct
searches that can also be complemented by precision measurements of Higgs-boson properties when
the splitting becomes larger. Furthermore there are multiple ways to search for vector boson scattering
such as in ultraperipheral heavy-ion collisions, as discussed in Section 1.5.5 and in Ref. [17].

• Higgs-to-invisible decays is an example of where there can be “holes” in the LHC coverage even at low
mass scales. A similar consideration can be made for precision measurements of Higgs-boson decays

Community Planning Exercise: Snowmass 2021

When do precision 
Higgs factories 
actually extend 

beyond the HL-LHC 
for Higgs physics?

32

Naively almost 
always from 

precision, but it 
doesn’t have to be!
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This has been very schematic so let’s look at numbers

4

level accuracy for Higgs couplings? The standard approach to this question is to imagine that these deviations are
caused by some higher dimension operator that arises from integrating out new BSM states. To get a rough rule of
thumb for this, we can imagine any gauge invariant operator in the SM that leads to some Higgs coupling, ⌘SM , being
extended using the same trick as the Higgs portal, i.e. turning into a dimension 6 operator with the addition of a
factor of h

†
h. This, in turn, comes with a dimensional scale M and a Wilson coe�cient c⌘, that when we expand

around the vacuum expectation value of the Higgs boson leads to a predicted deviation of the corresponding SM Higgs
coupling

�⌘SM ⇠ c⌘
v
2

M2
. (1)

If one then categorizes the types of new physics contributions based on whether they arise at tree or loop-level, and
whether the new physics particles are charged under the SM then a more specific prediction can be made for c⌘ [3].
In Figure 3 we demonstrate various possibilities, while also assuming a conservative scaling for the upper bound on
the new physics mass scale M . In particular, we assume that all new physics dimensionless couplings, or ratios of
new physics scales are O(1). In weakly coupled theories with valid EFT expansions one would expect a scaling with
c⌘ ⌧ 1, and thus the upper bound on the scale M would be even lower. Nevertheless this already demonstrates an
important result for the interplay of BSM physics and Higgs physics. Depending on the type of new physics, reaching
for example the percent or per-mille level accuracy for Higgs couplings corresponds to probing scales of O(.1 ! 5.5
TeV). At the lower end, in the case of a SM gauge singlet scalar that a↵ects Higgs precision measurements at loop level,
the EFT formalism generically doesn’t apply given the precision attainable at HL-LHC and future Higgs factories.
However, this doesn’t mean that it is uninteresting from a Higgs precision point of view. This simply reflects that the
e↵ects on the Higgs sector must be considered more broadly. This is a generic lesson, as the scales generated are all

within reach of the LHC or are in the few TeV range relevant for future discovery machines. Therefore it is crucial
to understand the interplay of precision Higgs physics and direct searches to understand what is new territory, and
what is complementary or ruled out by other experiments or analyses.

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.

The estimates coming from Eq. 1 do not of course represent a no lose statement, which is impossible to make. For
example, the scale of new physics could be slightly larger if the EFT description scaled di↵erently due to strongly
coupled dynamics, the canonical example being composite Higgs models [4–8]. However, inherently there aren’t
simple closed form predictions of arbitrary strongly coupled theories, and typically one relies upon guidance from
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For HL-LHC a few % (or 
much worse) you have 

the ability to look at 
Higgs precision 

“directly” there’s a lot of 
overlap! 

Whether the EFT is even 
a valid description of 

course also comes into 
question and depends 

on the collider
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I’d like to show 4 vignettes of how this works
• I don’t have a full mapping, just like we don’t know the space of all BSM 

theories, so it’s the best I can do for now and hopefully inspires ideas


• We can learn from examples how the mapping works and the benefits of 
precision and energy


• I am going this route because I care about discovering new physics, not 
precision for precision’s sake


• It matters a lot for the planning of the future for HEP. Worst case scenario for 
our field is spending billions without fully understanding what we’ve already 
explored

34



1) Higgs Precision and Flavor
• I want to start with this example because it’s normally thought of as the most 

difficult


• The Higgs of course is the source of all flavor in the Standard Model so it’s a 
natural place to ask if that’s really true


• Experimentally you can always search for flavor violating couplings but it’s 
very difficult to make consistent theories that aren’t ruled out by dedicated 
flavor experiments


• Typically for EW to TeV scale physics we make assumptions like Minimal 
Flavor Violation (MFV) which results in the interesting questions sticking to 
the 3rd generation, like naturalness

35



Spontaneous Flavor Violation (SFV)
D. Egana-Ugrinovic, S. Homiller, PM 
1811.00017,1908.11376,2101.04119

New physics can couple in a strongly flavor dependent way if 
it is aligned in the down-type quark or up-type quark sectors

For example: I could have a new BSM state at the EW scale that just couples to 
RH strange quarks and nothing else at tree level - perfectly consistent despite 

EFT flavor bounds on Kaon mixing naively setting a scale of 10000 TeV

This is symmetry protected, and there are simple UV completions! 
This is really opening up to space of theoretically possible ideas

36



SFV is general but let’s apply this to the Higgs 
with a 2HDM
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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!

Prospects for tri-
Higgs at the HL-LHC

A. Albert et al
2203.07535

You wouldn’t understand 
all this just from EFT

1
Λ2

(shs̄)h2
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2) EW phase transition, Neutral Naturalness, 
Higgs Portal

Add a scalar singlet to the SM

There can be multiple couplings but effectively reduces 
to either a mixing angle/mass or coupling/mass

|κV − 1 | = sin2 γ
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ℒ ⊃ λh2ϕh2ϕ + λh2ϕ2h2ϕ2

All couplings 
inherited from 

Higgs!



EW phase transition, Neutral Naturalness, 
Higgs Portal

Focus on 
model lines

HL-LHC Higgs 
precision projections

Direct search is almost 
always stronger

When do we really care about non-resonant di-Higgs ( ) for its own sake?λ3

Interesting to think about in more general setups beyond singlet, e.g. composite Higgs
See G. Durieux et al, 2110.06941 for 

recent extensions40
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3) Modified W/Z gauge couplings

mm
mm

Not directly Higgs precision but at the same time if we are asking questions about EWSB we expect deviations

cW

Λ2
W3

μν +
cB

Λ2
Dμh†BμνDνh +

cW

Λ2
Dμh†SμνDνh

From EFT perspective at dimension 6 there are 3 
operators that can modify these coupling

However, from Arzt et al (1995) you can’t generate these 
from integrating out a heavy state at tree-level

mm
mm mm

mm

c
Λ2

∼
g3

16π2M2

Validity of EFT at dim 6 versus precision? 

Other observables, new EW charged 
multiplets!
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Modified W/Z gauge couplings
Not directly Higgs precision but at the same time if we are asking questions about EWSB we expect deviations
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∼
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16π2M2
Validity of EFT at dim 6 versus precision? 

Other observables, new EW charged 
multiplets!
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Small splitting (no new 
couplings) = LLP observables!

LLP always more powerful 
than aTGCs and consistent!

Extend UV model bring in 
more observables including 

Higgs physics!
M. Forslund, PM 
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4) Higgs fits with new colliders

Higgs factories are great, because they let you make inclusive 
measurements ( ) or direct width scans (125 GeV )e+e− μ+μ−

10 TeV μ+μ- @ 10/ab
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BRBSM=0 Fit Comparisons

Figure 1. Fit results in the -framework using the on-shell results of [14] with the assumptions to
break the flat direction. (left) A comparison of results for BRinv = 0 for a 10 TeV µ

+
µ
� collider,

the HL-LHC, and a 250 GeV e
+
e
� collider. (right) Fit results with the assumption |V | < 1 for the

muon collider alone, in combination with the HL-LHC, and in combination with a 250 GeV e
+
e
�

collider. The transparent bars show the effect of removing forward tagging (see Appendix A).

are measured, then the uncertainty on a given �i will naturally be limited by ⇠ ��H/4.
Therefore, for LHC results one often resorts to a  � 0 fit or adds an additional theory
motivation. For example, the flat direction present in a global fit Eqn. (1.1) where the
couplings and width are both increased can be explicitly seen if we assume a universal
coupling modifier i = H = . In this case, the Higgs width scales as

�H

�SM

H

=


2

1 � BRBSM

, (1.3)

so that for any given channel, the on-shell signal strength becomes

µi!H!j =
�i!H ⇥ BR

SM

H!j

�
SM

i!H
⇥ BR

SM

H!j

= 
2(1 � BRBSM ). (1.4)

For  > 1, there is always a possible BRBSM to make all signal strengths µi = 1, hence
the flat direction in a fit. Clearly, if one assumes no BSM decay modes of the Higgs as in
a  � 0 fit then this isn’t an issue, or if one assumes that some of the i are bounded to
be less than 1. The latter is a commonly invoked by assuming any |V |  1, which may
appear ad hoc but has theory motivations that we will discuss later. In Figure 1, we show
results for the  fit for these two assumptions for the 10 TeV µ

+
µ

� muon collider3 and
other representative colliders4, both independently and in combination.

A 10 TeV muon collider is clearly impressive and able to reach the O(.1%) uncertainty
independent of any other collider input if either of these assumptions hold, but if they don’t,
then the coupling measurement precision could be significantly degraded. To illustrate
this, we show the result of the Higgs precision for a 10 TeV muon collider with additional

3We use total integrated luminosity benchmarks of 3 ab�1 and 10 ab�1 for the 3 TeV and 10 TeV µ
+

µ
�

colliders, respectively.
4For the 250 GeV e

+
e
� collider we have used CEPC inputs in [27]. Other 250 GeV options may give

slightly different results depending on luminosities and run plans [25].
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Figure 2. A demonstration of using the width measurement from another collider to resolve the
flat direction in the fit. We compare general fit results for the HL-LHC with its expected width
precision of 17%, the HL-LHC in combination with the on-shell 10 TeV µ

+
µ
� results, the on-shell

10 TeV µ
+
µ
� results combined with a 250 GeV e

+
e
� collider, and the on-shell 10 TeV µ

+
µ
� results

combined with a 125 GeV µ
+
µ
� collider. Transparent bars show the combined differences from

removing our 10 TeV forward muon tagging (see Appendix A) and changing the luminosity of the
125 GeV collider between 20 fb�1 and 5 fb�1.

BSM decay contributions assuming the “width” constraint comes from a different collider
in Figure 2. For example, one could use the HL-LHC projection just discussed and then,
as is clearly seen, a high energy muon collider appears to be only marginally better than
the HL-LHC, as expected based on our earlier comments. At an e

+
e
� Higgs factory, one

can also make a precise “absolute” coupling measurement, by exploiting the fact that at
⇠ 250 GeV there is a dominant ZH production mechanism that in combination with a
“clean” environment allows for a high precision inclusive rather than exclusive cross section
measurement. This can then translate into a roughly O(1%) level measurement on the
Higgs width which is good enough to approach the  � 0 precision if combined with a 10
TeV muon collider. Another possibility is for a direct width measurement from a threshold
scan of the cross section that can in principle be performed at a 125 GeV muon collider,
which also translates a roughly O(1%) level width measurement [28–31].

Figure 2 illustrates that a high energy muon collider, in combination with other future
colliders can begin to re-approach the precision of a  � 0 or |V | < 1 fits in Figure 1.
However, it is still unclear whether a low energy Higgs factory would definitely occur before
a high energy muon collider. Therefore, it is important to understand how precisely a high

– 4 –

width measurement, since any changes in the width are completely correlated with shifts
in the couplings. Nevertheless, this may be too strong of an assumption, but then how well
can you measure the properties of the Higgs without having to specify all possible BSM
decay modes of the Higgs? If we remain agnostic about new contributions to Higgs decays,
then treating Higgs precision with coupling modifiers is still valid as long as the total width
is also left as a free parameter. However, to then extract the precision on individual Higgs
couplings requires additional information since any on-shell exclusive measurement is only
sensitive to the combination

�(i ! H ! j) ⇠
g
2
i
g
2
j

�H

. (1.1)

Therefore, extracting the couplings in full generality requires either an independent width
measurement or an absolute measurement of one of the couplings. Without this, one can
in principle confound precision measurements of couplings by hiding it in a flat direction
where the couplings and the Higgs width are increased such that naively it looks like the
SM, but there are actually large deviations to its properties [20].

Fortunately, there are both measurements that can be made and theoretical considera-
tions which can be applied to understand whether the Higgs is SM-like and what its width
is. For example, at the LHC, one can exploit gauge invariance of the SM to measure the
effects of modified Higgs couplings from a highly off-shell Higgs contribution [21, 22] to V V

scattering. This is independent of the Higgs width in the off-shell regime and therefore
can provide an absolute measurement of a coupling which removes the ambiguity. This
has been carried out by ATLAS [23] and CMS [24] thus far and there are projections that
with the HL-LHC [25] that claim a 17% measurement uncertainty on the SM width can be
achieved. While this is a remarkable achievement for the LHC, given that a direct width
measurement is not remotely possible at the O(1) level1, it ultimately sets a ceiling for how
well you can interpret a measurement of Higgs couplings.

The difficulty of having a “width” measurement with a substantially worse uncertainty
than exclusive signal strengths is that a global fit will naturally have uncertainties on the
couplings inherited from the width measurement. In particular, in the  framework one can
treat all couplings as independent2 and define the deviation from the standard model by a
modifier i ⌘ gi/g

SM

i
such that the on-shell signal strength of any given Higgs production

and decay channel may be written

µi!H!j ⌘
�i!H!j

�
SM

i!H!j

=


2
i


2
j

�H/�SM

H

=


2
i


2
j


2
H

(1 � BRBSM ), 
2
H ⌘

X

i


2
i
�i

�SM

H

, (1.2)

where �i!H!j is the on-shell Higgs cross section in production channel i and decay channel
j, BRBSM is the sum of all BSM branching ratios of the Higgs, and �i is the partial width
for the standard model decay H ! i. In this framework, if only exclusive signal strengths

1There is an additional LHC method exploiting interference in the H ! �� on-shell rate [26] that likewise
gives a subdominant precision.

2Throughout this paper, we will consider the loop induced coupling modifiers g, � , and Z� as inde-
pendent parameters to be fully agnostic to new states running in the loops. Specifying these in terms of
the other ’s would strictly increase precision.
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Floating width 
naively

Well known flat direction

Figure 1. Fit results in the -framework using the on-shell results of [14] with the assumptions to
break the flat direction. (left) A comparison of results for BRinv = 0 for a 10 TeV µ

+
µ
� collider,

the HL-LHC, and a 250 GeV e
+
e
� collider. (right) Fit results with the assumption |V | < 1 for the

muon collider alone, in combination with the HL-LHC, and in combination with a 250 GeV e
+
e
�

collider. The transparent bars show the effect of removing forward tagging (see Appendix A).

are measured, then the uncertainty on a given �i will naturally be limited by ⇠ ��H/4.
Therefore, for LHC results one often resorts to a  � 0 fit or adds an additional theory
motivation. For example, the flat direction present in a global fit Eqn. (1.1) where the
couplings and width are both increased can be explicitly seen if we assume a universal
coupling modifier i = H = . In this case, the Higgs width scales as

�H

�SM

H

=


2

1 � BRBSM

, (1.3)

so that for any given channel, the on-shell signal strength becomes

µi!H!j =
�i!H ⇥ BR

SM

H!j

�
SM

i!H
⇥ BR

SM

H!j

= 
2(1 � BRBSM ). (1.4)

For  > 1, there is always a possible BRBSM to make all signal strengths µi = 1, hence
the flat direction in a fit. Clearly, if one assumes no BSM decay modes of the Higgs as in
a  � 0 fit then this isn’t an issue, or if one assumes that some of the i are bounded to
be less than 1. The latter is a commonly invoked by assuming any |V |  1, which may
appear ad hoc but has theory motivations that we will discuss later. In Figure 1, we show
results for the  fit for these two assumptions for the 10 TeV µ

+
µ

� muon collider3 and
other representative colliders4, both independently and in combination.

A 10 TeV muon collider is clearly impressive and able to reach the O(.1%) uncertainty
independent of any other collider input if either of these assumptions hold, but if they don’t,
then the coupling measurement precision could be significantly degraded. To illustrate
this, we show the result of the Higgs precision for a 10 TeV muon collider with additional

3We use total integrated luminosity benchmarks of 3 ab�1 and 10 ab�1 for the 3 TeV and 10 TeV µ
+

µ
�

colliders, respectively.
4For the 250 GeV e

+
e
� collider we have used CEPC inputs in [27]. Other 250 GeV options may give

slightly different results depending on luminosities and run plans [25].
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What if we didn’t have a Higgs factory before a  High Energy Muon Collider?
What is the space of QFTs that generate all  and  ?κ > 1 BRBSM ≠ 0

From bottom up precision 
perspective I can’t answer this

From top down, I need higher SU(2) 
representations that can look like EFT at 

low energy and not run into EWPT
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Figure 2. A demonstration of using the width measurement from another collider to resolve the
flat direction in the fit. We compare general fit results for the HL-LHC with its expected width
precision of 17%, the HL-LHC in combination with the on-shell 10 TeV µ

+
µ
� results, the on-shell

10 TeV µ
+
µ
� results combined with a 250 GeV e

+
e
� collider, and the on-shell 10 TeV µ

+
µ
� results

combined with a 125 GeV µ
+
µ
� collider. Transparent bars show the combined differences from

removing our 10 TeV forward muon tagging (see Appendix A) and changing the luminosity of the
125 GeV collider between 20 fb�1 and 5 fb�1.

BSM decay contributions assuming the “width” constraint comes from a different collider
in Figure 2. For example, one could use the HL-LHC projection just discussed and then,
as is clearly seen, a high energy muon collider appears to be only marginally better than
the HL-LHC, as expected based on our earlier comments. At an e

+
e
� Higgs factory, one

can also make a precise “absolute” coupling measurement, by exploiting the fact that at
⇠ 250 GeV there is a dominant ZH production mechanism that in combination with a
“clean” environment allows for a high precision inclusive rather than exclusive cross section
measurement. This can then translate into a roughly O(1%) level measurement on the
Higgs width which is good enough to approach the  � 0 precision if combined with a 10
TeV muon collider. Another possibility is for a direct width measurement from a threshold
scan of the cross section that can in principle be performed at a 125 GeV muon collider,
which also translates a roughly O(1%) level width measurement [28–31].

Figure 2 illustrates that a high energy muon collider, in combination with other future
colliders can begin to re-approach the precision of a  � 0 or |V | < 1 fits in Figure 1.
However, it is still unclear whether a low energy Higgs factory would definitely occur before
a high energy muon collider. Therefore, it is important to understand how precisely a high
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By understanding space of QFTs we realize that EFT 
logic can be misleading 



However the message can be extended 
even further like in vignettes 1-3
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Figure 13. Illustrating the larger model space constraints on the GM model from the coupling to
the SM and mass of the new states. Here we have projected in the (M1/µ3, µ3) plane, where M1

is the coefficient of the trilinear coupling between the SM Higgs doublet and the custodial triplet,
and µ3 is approximately the triplet mass. The gray region is excluded by perturbative unitarity of
�1, the quartic self interaction of the scalar doublet. The green and dark blue show the HL-LHC
and 10 TeV µ

+
µ
� collider direct search reaches, respectively. The dashed lines show the constraints

from  precision, where the green is from the HL-LHC BRBSM = 0 fit, red is for the combination
of the HL-LHC and a 250 GeV e

+
e
� collider in a general fit, and the blue is our muon collider fit

with the |f | < 1 assumption, which is justified due to the direct searches removing the µ3 . 4 TeV
region.

versus mass plane. The Higgs precision alone is very impressive, and a muon collider can
extend beyond the LHC and future e

+
e
� colliders. However, what is more impressive is

the ability of the muon collider to search for new physics in multiple ways in the same
region of parameter space. For instance, if there is a deviation in a Higgs coupling, up to
multi-TeV scale masses the muon collider can test this directly and discover the new states
responsible in the same experiment. Furthermore, by realizing that Higgs physics is more
than SM Higgs couplings, at smaller coupling to BSM states and “low” masses we see that
a muon collider can discover extensions of EWSB in regions untestable through standard
Higgs precision projections alone. Therefore, if a muon collider is built, it is crucial to
change our paradigm of separating precision physics from other observables if one wants a
complete picture of its capabilities.
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The overlaps of Energy vs Precision can be understood 
IF you map onto simplified models of extended EWSB
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Conclusions
• Precision and EFT alone aren’t enough to understand the space of BSM 

theories tested for EWSB, we must go beyond - BSM theory matters!


• Understanding the interplay, especially if we care about finding new things 
at the LHC or future colliders, is absolutely crucial!

IR UV
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Conclusions
• Precision and EFT alone aren’t enough to understand the space of BSM 

theories tested for EWSB, we must go beyond - BSM theory matters!


• Understanding the interplay, especially if we care about finding new things 
at the LHC or future colliders, is absolutely crucial!


• There’s a whole potential program of “simplified models” for Higgs physics 
that can better quantify the reach of the LHC, offer new observables and 
cover our deep question about particle physics!


• There’s been a lot of theoretical progress but hopefully we really nail this 
before the next European strategy update to make the best choices!
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And naturalness still matters, feel free to go back to it in 2025!


