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Where we are
LHC has achieved a lot.  

Discovered the Higgs boson, completed the SM.18 Energy Frontier
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will
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Higgs couplings. Presently, known to about 10%

Looks like Higgs



Where we are
LHC has achieved a lot.  

Discovered the Higgs boson, completed the SM. 

Explored TeV frontier in many ways.
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Where we are
LHC has achieved a lot.  

Discovered the Higgs boson, completed the SM. 

Explored TeV frontier in many ways. 

So, what’s next?



Still confused
Dark matter

Origin of the weak scale
Matter > anti-matter

Dark energyInflation flavor

Many ideas, no confirmation. 

Yes, we should come up with more. 
Experimental guidance will be so much needed!



For now (and next decades)



For now (and next decades)

Central question: how to extract max info from this mountain of data? 



Precision

Are we really sure the SM is it appears to be?

What can (HL)-LHC do?

This is the “bread and butter”.



Prime target, the Higgs 
boson



Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Higgs is confusing.



Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Higgs is confusing.

Is it elementary (like electron) or composite (like proton or pion)?

Is the Higgs the only spin-0 particle, or there are similar ones?

Maybe not as simple as it seems?



Higgs coupling
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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Higgs couplings. Presently, known to about 10% 1- a few %

Eventually at the 
LHC

Higgs coupling other SM particles:



Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for
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Need to go beyond this

Self-coupling

H

H

H

Higgs potential

A big focus for LHC
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H Unique kind of coupling. 
Important to observe it!  

Comments on di-Higgs



Self-coupling

H

H

H Unique kind of coupling. 
Important to observe it!  

However, is this also a unique place to look for new physics?

Comments on di-Higgs



Self-coupling

H

H

H

 New physics often induce changes in 
other Higgs coupling, such as hZ

Z, W

Z, W

It is unlikely new physics only shows up in self-coupling.



hZZ vs Higgs self-coupling
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Modify H-Z coupling ⇒ δZh Modify Higgs self-coupling ⇒ δλ3



hZZ vs Higgs self-coupling
1

Λ2 (H†∂H)2 1
Λ2 (H†H)3

No special symmetry, both will generally be there.  
All dim-6 operator ⇒ similar size of modification

H-Z coupling much better measured, in principle more 
sensitive.

Modify H-Z coupling ⇒ δZh Modify Higgs self-coupling ⇒ δλ3



hZZ vs Higgs self-coupling
1

Λ2 (H†∂H)2 1
Λ2 (H†H)3

Modify H-Z coupling ⇒ δZh Modify Higgs self-coupling ⇒ δλ3

However,  , while  is not related to    δZh ∝ gz δλ3
λ3,SM

With some tuning, one can find models in which   δλ3
> δZh
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Example: EW phase transition

Singlet + Higgs Models with 1st order EWSB, need large self-interaction

A. Long, P. Huang and LTW
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di-Higgs search for resonances
h,

h,

XX, spin 0, 1, 2

W, Z,

W, Z, t, b,  τ

t, b,  τ

From for heavy X (~TeV), as a consequence of Goldstone 
equivalence theorem and SU(2) invariance,  

the decay BR can be fixed

For example, for spin 0 and spin 2 resonances:  
BR(X → ZZ ) ≃ BR(X → hh) ≃ 0.5 × BR(X → WW )

Is there a case in which di-higgs has an advantage?



Busy Higgs signal
Now consider coupling: 

S(H†H)n,  with n > 1
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VII. SUMMARY AND OUTLOOK273

→=[ZL: HH can be the discovery mode for a certain class of models. ]274

Appendix A: Liantao’s note275

In our discussion, we take the parameterization276

H =
1
→
2



 a1 + ia2

(v + h) + ia0



 . (A1)

Appendix B: Higgs portal H†H277

Consider first the Higgs portal operator:278

H†H =
1

2

(
(v + h)2 +

2∑

i=0

a2i

)
. (B1)

At the quadratic order in the fields, this operator displays a symmetry between ai and h. This279

is clearly a consequence of the SU(2) symmetry since the VEV plays no role. For the terms280

proportional to the VEV, the SU(2) symmetry will be broken. We will investigate their e!ects.281

Consider first the operator for the decay of a heavy spin-0 resonance S:282

S H†H. (B2)

This obviously preserves BR relations Br(S ↑ aiai) = Br(S ↑ hh). The term linear in the EWSB283

VEV contributes to a mixing between S and h.284

Now consider S(H†H)n . It contains285

(v2)n→1S

(
”ia

2
i

(
n

1

)
+ h2

(
n

1

)
+ 4h2

(
n

2

)
+ . . .

)
. (B3)

The first terms still preserve the symmetry between ai and h. However, the last term gives rise286

to di-Higgs final state which is proportional to n2. This is an e!ect of EWSB. What’s remarkable287

is that this can happen even with MS ↓ v. The partial width of these di-boson decay channels288

vanishes as v ↑ 0. However, the ratio289

Br(S ↑ hh)

Br(S ↑ aiai)
= (2n↔ 1)2 (B4)

stays as a constant even with v/MS ↑ 0.290

We have: 
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S(H†H)n ∝

And: 
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IV. THE BUSY SCALAR FRAMEWORK: ENABLING HH RESONANCE DISCOVERY135

The central innovation of this work is the identification of a novel class of “busy scalar” models136

where HH resonance becomes the dominant discovery channel through dramatic enhancement of137

di-Higgs branching ratios.138

A. Busy Scalar139

The busy scalar framework employs higher-dimensional operators of the form:140

L →
cn

!2n→3
S(H†H)n with n ↑ 2. (9)

And any derivative variations of such an operator work similarly.141

These operators specifically enhance di-Higgs production through combinatorial factors that142

grow rapidly with n. The enhancement mechanism can be understood through both Goldstone143

equivalence and unitary gauge analyses, with consistent results across calculation methods.144

The busy scalar operators produce a dramatic reversal of the conventional branching ratio145

hierarchy. Table ?? summarizes the enhancement patterns, revealing that for n ↑ 2, the HH146

partial width receives enhancements of (2n↓ 1)2 relative to the V V branching fractions:147

”(S ↔ hh) : ”(S ↔ WW ) : ”(S ↔ ZZ) = (2n↓ 1)2 : 2 : 1 (10)

This enhancement arises from combinatorial factors in the operator expansion, where multiple h2148

contractions enhance the di-Higgs coupling while Goldstone couplings maintain their conventional149

relationships.150

Goldstone Basis Amplitude Analysis151

For S(H†H)n, the GET analysis at amplitude level reveals:152

M(S ↔ hh) ↗
2n(2n↓ 1)

2n
v2n→2

!2n→3
, M(S ↔ ωω) ↗

2n

2n
v2n→2

!2n→3
(11)

giving the amplitude ratio:153

M(S ↔ hh) : M(S ↔ WLWL) : M(S ↔ ZLZL) = (2n↓ 1) : 1 : 1 (12)

An enhancement for the di-Higgs channel. 



Could make a difference
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FIG. 3. Existing 95% C.L. upper limits on the production cross section of the heavy scalar S are shown by the

colored curves. Solid (dashed) lines correspond to constraints from di-Higgs (di–gauge boson) searches [2, 3].

The red curves denote scenarios with the normal Higgs operator, while the blue and brown curves correspond

to the busy-scalar operators. The black dotted curve represents the production cross section induced by

the SGµωGµω interaction. In all scenarios, the SGµωGµω operator is included, ensuring identical production

cross sections for all scenarios.

where the m2
S
in the denominator corresponds to the Higgs propagator. However, if the e!ective250

Lagrangian additionally includes251

cs
ωs

12ε”→SG
a

µωG
aµω , (32)

which can arise from loop e!ects of any vector-like heavy fermion charged under SM SU(3) and252

coupled with S, then the production of the heavy scalar S is no longer suppressed by the mixing253

factor (v/”)4n↑2. Instead, S will be directly produced through gluon-gluon fusion (shown in right254

panel of Figure 2).255

This operator can modify the decay branching ratios. The ratio between the branching fractions256

of S → gg and S → hh is257

Br(S → gg)

Br(S → hh)
=

8↑ 4n

[2n(2n↓ 1)]2

(cSωs

12ε

)2
(
”

v

)4n↑4 (mS

”

)2 (mS

”→

)2
. (33)

Taking a TeV scale benchmark choice (” = ”→ = mS = 1 TeV, cS = 1, n = 2), the di-gluon decay258

width is much smaller than di-Higgs decay width:259

Br(S → gg)

Br(S → hh)
= 0.2% . (34)

Dashed: di-gauge boson

Solid: di-Higgs
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Peiran Li, Zhen Liu, LTW in progress
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Caution: a rather special case. Not a generic signal. 



Rare processes

Unlikely, but seeing one can teach us a lot.

What can (HL)-LHC do?

Large luminosity leads to big improvements.



HL-LHC as particle factories

> 1011 W and Zs

> 109 tops 

> 108 Higgses 

HL-LHC

Promising for rare decay 
with distinct final state!
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Higgs exotic decays

Simple, Great sensitivity from the LHC

With MET, less lepton

More hadronic
More challenging, but worth pursuing! 



Interesting target:  
1st order EW phase transition

M. Carena, J. Kozaczuk, Z. Liu, T. Ou, M. Ramsey-Musolf, J. 
Shelton, Y. Wang, K. Xie 2203.08206 
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FIG. 4: The current bounds on Higgs exotic decay h ! ss and the projections at the HL-LHC,

assuming the s decays to SM particles are mediated by the mixing, and the corresponding

branching ratios are taken from Ref. [17]. The upper and lower horizontal dotted lines are the

expected upper limit for Higgs exotic decay branching ratio at the HL-LHC (4% [39]) and

statistical limit of 106 Higgs at future lepton colliders, respectively. The brown and light blue

shadowed regions are the strong first-order EWPT regions from Refs. [6, 7], see text for details.

Projections of the reach of future lepton colliders are shown in dashed lines.

cccc channels can be found in Ref. [16], which we do not show here. A ILC-based simulation (250

GeV, 0.9 ab�1) for the bbbb channel is done by Ref. [37] and find similar projections. There are

room for further improvement, e.g., usings Machine Learning to deal with complex signals and

backgrounds for Higgs exotic decays [38].

The strongly first-order EWPT parameter space for the spontaneous Z2 breaking model [7] and

general singlet scalar extension of the SM with mixing angle sin ✓ = 0.01 [6] are indicated by the

brown and light blue shaded regions in the Br(h ! ss)-ms plane in Fig. 4, respectively. Combining

with the current bounds at the LHC, we see that the exotic Higgs decay searches have already

probed a visible fraction of the EWPT parameter space, especially for the low mass region ms . 10

GeV. For the high mass region ms > 10 GeV, the direct constraints from the bb-relevant channels

are slightly weaker than the indirect bound (16% [40]) from the exotic Higgs decay. At the HL-LHC,

the Br(h ! ss) reach in both the low and high mass regions are significantly improved, while the

expected reach from direct searches at high masses is still comparable with the expected indirect

bounds (4% [39]). Future Higgs factories can greatly improve the coverage of EWPT parameter

space, as shown in the dashed lines in the right panel of Fig. 4. Combining the ⌧⌧⌧⌧ and bbbb

The current reach of all the searches in Table 1 is limited by statistics, so updated analyses
using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity
and are interesting cross checks in case an excess is observed.

4.1.2 SM+s

Searches for decays to a new light scalar, s, often focus on the heaviest particles that are
kinematically allowed in the scalar decay. Decays to muons are considered for m & 2mµ ⇡

0.22 GeV and are particularly important in the lowest mass range until decays to taus may
also become important, m & 2m⌧ ⇡ 3.6 GeV. Finally in the mass range m & 2mb ⇡ 8.4 GeV,
several searches also target decays to b-jets.
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Figure 2: Observed 95% CL upper limits on �h/�SMh Br(h ! ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the µµµµ mode, setting branching ratio limits down to
10�5. Between the J/ and the ⌥ thresholds, the sensitivity steadily decreases to about

– 16 –

A lot of room to improve!
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Can be a large landscape for N >> 1 (e.g. N～102 )
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R.-T.  D’Agnolo, M. Ettengruber, LTW, 2512.18001

The scalars are also at weak scale. Obtaining mass from EWSB. 



Interesting alternative
Higgs decay into landscape scalars, long cascades 

h
ϕi

ϕj

h
ϕi

ϕj

ϕl

ϕk
h

ϕi

ϕj
ϕl

ϕk

ϕn

ϕm

…



Interesting alternative
Higgs decay into landscape scalars, long cascades 

h
ϕi

ϕj

h
ϕi

ϕj

ϕl

ϕk
h

ϕi

ϕj
ϕl

ϕk

ϕn

ϕm

…
bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄
bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄



Decay from the Higgs

5 10 15 20 25
0

0.05

0.1

0.15

0.2

Final State Particles

Fr
ac

tio
n 

of
 E

ve
nt

s

10 -1 10 0 10 1 10 2 

m [GeV]

5 10 15 20 25
0

0.05

0.1

0.15

0.2

Final State Particles

Fr
ac

tio
n 

of
 E

ve
nt

s

10 -1 10 0 10 1 10 2 

m [GeV]

5 10 15 20 25
0

0.05

0.1

0.15

0.2

Final State Particles

Fr
ac

tio
n 

of
 E

ve
nt

s

10 -1 10 0 10 1 10 2 

m [GeV]

5 10 15 20
0

0.05

0.1

0.15

0.2

0.25

t t̄
ZZ
W⁺W⁻
gg
γγ
e⁺e⁻
π⁰π⁰
π⁺π⁻
μ⁺μ⁻
s s̄
c c̄
τ⁺τ⁻
b b̄

Final State Particles

Fr
ac

tio
n 

of
 E

ve
nt

s

10 -1 10 0 10 1 10 2 

massdistribution
B threshold

m [GeV]

Figure 14: Left: Final state particles from scalars produced via Higgs decays for a

scenario with N = 200 and �
0
/� = 1. Right: The blue box shows the range of the mass

distribution of the new scalars relevant to the histogram to its left.
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Longer cascade, higher final state multiplicity, softer decay products.

states. If our final states contained mostly leptons, narrow mass spectra would be simple

to trigger on, as shown in the right panel of the Figure, but this is not the case because

the new scalars decay mostly via mixing with the Higgs. Representative final states for

di↵erent choices of the mass scale are shown in Fig. 8. In light of this discussion it is worth

to consider final states from Higgs decays, as discussed in the next subsection.

Figure 13: Median energy of the final state particles from the new scalars’ decays for

scalars produced via Higgs decays. We show N = 50 (solid lines) and N = 200 (dashed

lines). On the left The mass distribution is [1/
p

N, 1] ⇥ m, while it is [1/2, 2] ⇥ m on the

right. The colored lines represent di↵erent choices of �
0
/�.

4.3.1 Higgs Decays

Since the discovery of the Higgs boson, its exotic decays have been the focus of numerous

search e↵orts (for a broad overview see [118, 119]). However, the signal discussed here, in

connection with the landscape, is qualitatively distinct. There are significant di↵erences

in the composition of the final states and their kinematics, which we will discuss in detail

below. In addition, the signal spreads among many di↵erent final states, with each one

only having a tiny branching ratio. This certainly introduces new challenges in identifying

this signal e�ciently.

Although it shares certain features with the previously discussed signals of landscape

scalars, the signal arising from Higgs decays exhibits important di↵erences. The results in

the previous Section suggest that landscapes could be challenging to detect at colliders, even

if they are in the right energy range. The small total energy in the final state might make

them elusive even for the most modern background rejection and triggering techniques.

This suggest exploring final states that are rarer, but allow for raising trigger thresholds

and o↵er more handles to reduce SM backgrounds. Higgs bosons decays is an obvious

candidate in this category. We have already shown in Fig. 6 the much smaller production

cross section in this channel compared to gluon fusion and B decays. However, in Fig. 14

we show that cascades from Higgs decays are quite spectacular, with a median number of

particles in the final state around 12, regardless of the typical mass scale of the new scalars.

– 26 –
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However, many possible channels,  total h → scalars can be sizable!

∝ λ2 ∼ 1/N2

⇒ but not recontructing particular resonances.
Are we ready for this? S. Jung, Z. Liu, LTW, K. Xie 2109.03294 
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> 109 tops 

> 108 Higgses 

HL-LHC

Promising for rare decay 
with distinct final state!

H. Bahl, S. Koren, LTW 2307.11154



HL-LHC as particle factories

> 1011 W and Zs

> 109 tops 

> 108 Higgses 

HL-LHC

Promising for rare decay 
with distinct final state!

More studies  and  
new ideas needed!
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Unexpected: Form-factor

E

Resonance

EFT
“Form factor”

Quite exotic.  
Similar to very broad resonance. 
Could be of more general shape. 
Are we ready for this?



The next frontier



The future 

Obviously, it would be great to have a new collider, 
at higher energies and intensity. 

Many proposals. 

Many studies, recommendations. Snowmass/P5, European strategy… 
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Figure 1. Schematic of XCC including cryogenic RF injector, C3 Linac, electron beam final focus (FF) and
XFEL.

peak at the Higgs boson mass with a leading edge width of 0.3 GeV. In contrast, the 𝐿 = 3.13
distribution has a peak at the Higgs boson mass with a leading edge width of 3.5 GeV and a
long high-side tail due to multi-photon non-linear QED Compton scattering, characterized by the
parameter 𝑀2 = 2𝑁𝐿𝑂2

𝑀
𝑃/𝑄 where 𝑁𝐿 is the laser photon density, 𝑂𝑀 is the classical electron radius,

and 𝑃 is the laser photon wavelength. Although the non-linear QED parameter 𝑀2 = 0.10 for the
𝐿 = 1000 configuration is 50% larger than that of the 𝐿 = 3.13 configuration, the long high-side non-
linear QED tail is absent because the di!erence between the maximum linear and non-linear QED
photon energies, 𝑅𝑀/(𝐿 + 1), is very small. The large low-side tail in the luminosity distributions
for 0 < 𝑅𝐿𝐿 < 100 GeV is due to beamstrahlung radiation.

1.2 Experimental Environment

The luminosity in figure 2 includes a large amount of beamstrahlung luminosity at low values of
𝑅𝐿𝐿 . The low transverse momentum 𝑆𝑆 → hadrons pileup events produced with this luminosity
have low visible energy and are highly boosted in the forward direction. For physics analyses,
the more relevant luminosity spectrum is shown in the upper plot of figure 3. With the XCC,
the relatively low luminosity in the top 20% of 𝑆𝑆 center-of-mass energies is concentrated in one
spike where Higgs boson production (proportional to the height of the spike and 𝑇𝑁/2𝑅𝑀

↑ ) can be
maximized with respect to background. In contrast, the optical laser OCC 𝑆𝑆 collider (lower plot
of figure 3) has a larger electron beam energy (87 GeV vs. 63 GeV), a larger top 20% luminosity,
and a smaller peak luminosity at the Higgs resonance.

Since only 20% of the electrons at the XCC are converted to photons in the Compton collision,
there is also substantial luminosity from 𝑈↑𝑆, 𝑆𝑈↑, and 𝑈↑𝑈↑ collisions. The luminosity for these
processes is listed in table 1.

A comparison of the background rate for ILC, XCC and OCC is shown in table 2, where
background is defined as the number of hadron events with

√
𝑉/𝑇2

𝑁
> 0.64. For XCC and OCC,

the QCD radiative corrections to the total cross section for 𝑆𝑆 → 𝑊𝑊(𝑋) have been calculated using
equation 4.5 and table I of reference[10], where logarithmic extrapolations of the QCD corrections
in table I are used for 𝑉/4𝑇2 > 2500. The XCC background rate is considerably smaller than that
of the optical 𝑆𝑆 collider OCC, and comparable to the ILC background rate.

– 3 –

Studies of the main physics case quite mature. 
I will highlight some important benchmarks.
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]
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at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
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reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
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reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]

Community Planning Exercise: Snowmass 2021

Expected relative uncertainty
0 0.1 0.2 0.3 0.4 0.5

ttHσ

ZHσ

WHσ

VBFσ

ggHσ

CMS and ATLAS
HL-LHC Projection

-13000 fb

Stat. + Exp.

+ Theory

ATLAS CMS

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Expected relative uncertainty

ttHσ

ZHσ

WHσ

VBFσ

ggHσ

4.3 

4.2 

5.7 

3.1 

1.6 

3.7 1.3 1.8 

3.1 2.6 1.3 

4.0 3.3 2.4 

2.1 1.8 1.3 

1.2 0.7 0.8 

Tot Stat Exp Th

Uncertainty [%]

CMS and ATLAS
HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%

Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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The Higgs measurements

38 Energy Frontier

Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].

1

- + /
(combined in all lepton collider scenarios)
Free H Width
no H exotic decay

Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Is the Higgs composite?

HIGGS BOSON AND ELECTROWEAK SYMMETRY BREAKING 15
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Figure 2.4: (a) LHC and CEPC precision Higgs constraints in the m
t̃1

� m
t̃2

plane from Higgs cou-
plings to gluons and photons. Here tan � = 1 and the mixing parameter Xt is allowed to vary over all
values consistent with the physical stop masses; the excluded area is that for which no allowed value of
Xt is consistent with Higgs coupling measurements. Larger values of tan � lead to qualitatively sim-
ilar coverage. (b) Coverage of blind spots including precision measurement of the ZH cross section.
Figures adapted from [27].

0.00256

0.04

r L
± , 0ÆWZêWW

r L
0Æ l + l -

x bounds

L
H
C
3
ab
-
1

L
H
C
36.7

fb
-
1

LHC
3 ab - 1LHC

36.1
fb -

1

LH
C
3
ab
-
1

CEPC
5 ab

- 1

2 4 6 8 10
1

3

5

7

9

M r L @TeVD

g r
L

(a)

2

4

0.00256

0.04

g r > 4 p

g r <1

r L
± , 0 ÆWZêWW
r L

0 Æ l + l -

x bound
g r L contours

L
H
C
3
ab -

1

L
H
C
36.7

fb
-
1

LH
C
3
ab -

1

L
H
C
36.1

fb
-
1

LHC 3 ab- 1

CEPC 5 ab- 1

2 4 6 8 10

1

10-1

10-2

10-3

M r L @TeVD

x

(b)

Figure 2.5: Potential coverage of composite-type global symmetry models in terms of resonance mass
m⇢ and coupling parameter g⇢L (a) or mixing parameter ⇠ ⌘ v
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2 (b) via direct searches at the LHC
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GLOBAL SYMMETRY

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
Model-like Higgs boson mixing with heavier resonances and further influenced by the
presence of light fermionic excitations.
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(blue and green shaded regions) and precision Higgs measurement constraints (red lines).

GLOBAL SYMMETRY

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
Model-like Higgs boson mixing with heavier resonances and further influenced by the
presence of light fermionic excitations.

Direct search for composite 
resonances

Higgs coupling measurements
Composite  elementary 
Different couplings

≠

Perhaps the Higgs is similar to 
the pion? 

Would make it naturally light, since it is not 
elementary.  
If so, will be other composite resonances

0.1% at Higgs factories



Is the Higgs boson alone?
Maybe Higgs boson has some 
partners?

Simplest example:  
Higgs coupling to one other spin-0 
boson

Will change Higgs behavior by interacting 
with it. 
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FIG. 34: This figure is from [88] Figure 8.11, where the LHS shows the direct and indirect sensitivity to a singlet which mixes
with the SM Higgs, while the RHS shows the limit of no-mixing, but overlaid with regions of parameter space where a strong
first-order phase transition is allowed.

quite a bit of attention and serve as useful benchmarks for the study of Higgs physics for future colliders.
There are many more states in a 2HDM after going to the mass basis, since there is an entirely new doublet, e.g. the

familiar five mass eigenstates: the observed 125 GeV CP-even neutral scalar h, an additional CP-even neutral scalar
H, one CP-odd Higgs boson A, and a pair of charged Higgs bosons H±. Therefore even scanning the phenomenology
is quite a bit more complicated than in singlet models, and can often seem daunting. However, at its core it is
important to remember that a 2HDM is just a second copy of our SM Higgs. Therefore, the Lagrangian terms one can
write down for the second Higgs with the SM fermions and gauge bosons are identical in structure. While the gauge
symmetry of the SM dictates that the kinetic/gauge interaction terms for “our” Higgs are identical, di↵erences arise
due to the fact that the Higgs potential can be more complicated (as it is a function of both Higgs doublets), and the
Yukawa interaction strengths are not fixed by symmetry. The latter is potentially quite dangerous, as the successful
GIM mechanism of the SM could be ruined and new flavor changing neutral current (FCNC) interactions could be
introduced in generic 2HDM models. An idea put forth by Glashow and Weinberg, “natural flavor conservation”
(NFC) was constructed to avoid FCNCs generically, and is often taken as the organizing symmetry principle of
2HDMs [103]. This imposes a discrete symmetry on the 2HDM which results in the second Higgs doublets Yukawa
couplings being proportional to the first. Imposition of this symmetry results in the standard 4 types of 2HDM
models that are often mistaken as the only 2HDM model possibilities(Types I-IV or Types I-II, Type L, and Type
F depending on the naming scheme). In fact, this was amusingly pointed out by Georgi as a fallacy by others of
confusing su�cient with necessary [104] due to the impressive nature of Glashow and Weinberg who originally wrote
down the symmetry condition for NFC. Nevertheless, given the constraints on flavor one has to address this specifically
outside the standard 4 types of NFC 2HDM models, as there is particularly novel phenomenology at future colliders
that we will discussion in Section V B 1. Another aspect that we address in Section VB 1 is the organization of CP
violation that can be present in 2HDMs.

Restricting ourselves to the standard types of 2HDM models still allows for an enormous range of phenomenology.
The complications outside the Yukawa sector arise because the potential for the 2HDM, V (H1, H2), can allow for both
Higgses to acquire VEVs and quartic terms involving both Higgs doublets in the potential allow for mixing between
the 2 Higgs doublets. Given the ubiquitous nature of NFC 2HDMs, the standard parametrization of the physics is
done in terms of a ratio of the VEVs of the 2HDM states, tan �, and a mixing angle cos(� � ↵) as well as the masses
of the various eigenstates. Another way to think of a 2HDM is in the so-called Higgs basis [105, 106], where one
chooses a basis such that the VEV occurs only for the first doublet, H1. The second doublet H2 just has its own set
of the usual interactions with the SM, but does not modify the SM Higgs properties at tree level unless there is a
non-trivial mixing, i.e. cos(� � ↵) 6= 0. In NFC 2HDM models, tan � in the Higgs basis is still useful to parameterize
the e↵ects of the 2HDM in the Yukawa sector and allows for a connection to studies that don’t use the Higgs basis. In

the Yukawa sector, which distinguishes the four types of 2HDM, we write separate Yukawas �
(1)
f and �

(2)
f as follows,

where 1 refers to the SM Higgs,

�
(1)
f =

p
2

v
mf , �

(2)
f =

⌘f

tan �
�
(1)
f , (6)
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-
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e-Figure 8: Fig. 7 continued.

Figure 9: Fig. 8 continued.
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Photon collider
Probing the Higgs potential at a Photon Collider Gudrid Moortgat-Pick
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Figure 4: Number of Higgs pair production events at di!erent options of 𝐿𝐿 colliders as a fuction of 𝑀𝐿. The
blue and orange lines indicate the results for XCC options with 𝑁𝑀

→
𝑀
→ = 280 GeV and 380 GeV, respectively.

The green and red lines correspond to optical laser based colliders with 𝑁𝑀
→
𝑀
→ = 380 GeV and 550 GeV,

respectively.

the same polarisation, and the same is true for both 𝑂-beams. Moreover, the electron helicity 𝑃𝑀 and
photon circular polarisation 𝑄𝑁 need to be such that 𝑃𝑀𝑄𝑁 < 0 for the optical setup and 𝑃𝑀𝑄𝑁 > 0
for the XFEL-like setup (the latter in order to suppress 𝑂

+
𝑂
→ pair-production). While analytical

expressions exist for the calculation of the luminosity spectrum for a collider with a given value
of 𝑅, these do not take all the beam and beam-beam interactions into account. Therefore, we have
used the Monte-Carlo code CAIN [28], which includes Breit-Wheeler, Bethe-Heitler and non-linear
QED processes, to obtain realistic luminosity spectra. The left and middle plots of fig. 3 display
the spectra computed with CAIN for an optical 𝐿𝐿-collider based on a 380 GeV 𝑂𝑂-collider (left)
and for the XFEL-based 𝐿𝐿-collider at a 280 GeV 𝑂𝑂-collider (centre); both spectra have their
maximum around 280 GeV. In the past the photon collider option has mainly been discussed for
𝑂
→
𝑂
→-colliders, due to the low polarisation of 𝑂+, but the progress in positron polarisation now opens

the possibility to run the 𝐿𝐿-collider in the 𝑂
+
𝑂
→ mode. The corresponding luminosity spectrum is

shown in the right plot of fig. 3. It can be seen that compared to the other two cases many more
low energy photons are produced, however around the maximum energy the spectrum is very close
to the classical 𝑂→𝑂→ mode setup. It thus appears possible to use this setup for any process above
200 GeV. Finally, we note that having 𝐿𝐿 collisions at the second interaction region of an 𝑂

+
𝑂
→ LCF

— in parallel to 𝑂
+
𝑂
→ collisions at the first interaction region — o!ers additional luminosity in 𝐿𝐿

events, at possibly only a moderate cost (depending on the precise setup) in terms of the total 𝑂+𝑂→

luminosity.

3.3 Integrated cross-section for Higgs pair production

We now combine our analytical results for 𝑆̂(𝐿𝐿 ↑ 𝑇𝑇) [6] with the luminosity spectra
obtained with CAIN in order to obtain collider-level results for Higgs pair production. Taking
into account the total integrated luminosities, we present in fig. 4 the total number of Higgs pair
production events that could be produced per decade of run time as a function of 𝑀𝐿 (for 𝑀2𝑂 = 1)

5

di-Higgs.  
 T. Barklow et. Al. δκλ ∼ 5 %

Marten Berger, Johannes Braathen, Gudrid Moortgat-Pick, and Georg 
Weiglein, 2510.05012
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Figure 1: Representative Feynman diagrams for the process 𝐿𝐿 → 𝑀𝑀. The upper row shows diagrams
involving top-quark loops, while the diagrams in the lower row correspond to gauge-sector contributions.

the detected Higgs boson or, equivalently, its coupling modifier 𝑁𝐿. The collider-level cross-section
for 𝐿𝐿 → 𝑀𝑀, where 𝑀 denotes the detected Higgs boson at 125 GeV, is given by

𝑂 =
∫

𝑀
2
𝐿𝑀𝑁

4𝑁2
𝑂/𝑂

d𝑃
1
2

[
1

𝑄
++
𝑃𝑃

d𝑄++
𝑃𝑃

d𝑃
𝑂̂++(𝑅𝑃𝑃) +

1
𝑄
+↑
𝑃𝑃

d𝑄+↑
𝑃𝑃

d𝑃
𝑂̂+↑ (𝑅𝑃𝑃)

]
. (2)

Here 𝑂̂𝐿1𝐿2 denote the cross-sections for the photon polarisation configurations {𝑆1, 𝑆2} (with
𝑆𝑄 = ±) at the partonic level (i.e. in the photon-photon system), 𝑄

𝐿1𝐿2
𝑃𝑃

are the corresponding
luminosity spectra, and ↓

𝑅𝑃𝑃 is the c.m. energy of the colliding photons. The integration variable
is defined as the fraction 𝑃 ↔ 𝑅𝑃𝑃/𝑅, while the upper integration limit 𝑇𝑁𝑅𝑆 is the maximum energy
fraction 𝑇𝑁𝑅𝑆 ↔ 𝑈𝑁𝑅𝑆/𝑉0. In the lower integration bound and the definition of 𝑃, 𝑅 denotes the
squared c.m. energy of the 𝑊

+
𝑊
↑ or 𝑊↑𝑊↑ collider.

3.1 Partonic-level cross-sections

Example diagrams contributing to the Higgs pair production process are displayed in fig. 1.
Unlike the 𝑋𝑋 → 𝑀𝑀 process at the (HL-)LHC, where only coloured particles contribute in the
loop at leading order, there are additional contributions from the gauge sector at the same order for
𝐿𝐿 → 𝑀𝑀 (see the lower row of fig. 1).

For our analysis we have rederived the leading-order (one-loop) results in the SM using
FeynArts [8, 9] and FormCalc [10, 11], and found agreement both with Refs. [12–15] and
with the amplitudes used in Whizard [16, 17]. Moreover, we obtained analytic expressions for
𝑂̂(𝐿𝐿 → 𝑀𝑀) for arbitrary values2 of 𝑁𝐿 and 𝑁2𝑇 — the latter being the coupling modifier of
the interactions between two Higgs bosons and two gauge bosons or between two Higgs and two
Goldstone bosons. In the left plot of fig. 2, we present our results for 𝑂̂++ (orange) and 𝑂̂+↑
(green) as a function of ↓𝑅𝑃𝑃 — noting that only the cross-section 𝑂̂++ (i.e. for 𝑌𝑈 = 0) exhibits
a dependence on 𝑁𝐿. We find that in the SM-like case (orange solid line), the cross-section for
𝑌𝑈 = 0 peaks around ↓

𝑅𝑃𝑃 ↗ 400 GeV. On the other hand, if one allows 𝑁𝐿 to vary, the largest
deviations from the cross-section for the SM value of 𝑁𝐿 = 1 occur for ↓𝑅𝑃𝑃 ↗ 280 GeV. This
is further illustrated in the right plot of fig. 2, where we show the predictions for the unpolarised
𝑂̂(𝐿𝐿 → 𝑀𝑀) cross-section at ↓𝑅𝑃𝑃 ↗ 280 GeV, normalised to its SM prediction, as contours in the
plane of 𝑁𝐿 and 𝑁2𝑇 . Within the region allowed by the current ATLAS results [24], variations —
and in particular enhancements — of several orders of magnitude are possible. Moreover, for the

2Large deviations in 𝑁𝐿 from the SM value can occur in models with extended scalar sectors, due to radiative
corrections from the BSM scalars, see e.g. Refs. [18–23].
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Looking forward to the final words on these studies.
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More to do in physics studies

What can further enrich the physics program? 

Searches complementary to LHC. 

Higgs rare decay, Z-pole flavor physics, … 

Fixed target.  

… 

Some studies already, need to do more. 
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Study for 10 TeV pCM

So far, most studies are done in the context of muon 
collider and 100 TeV pp collider. 

However, the point is really go to 10 TeV pCM 

Qualitatively, e+ e- and  should work just as well.  

Needs more studies!

γγ



Why 10 TeV?



e+e- : 1-10s TeV
The energy frontier! 



Naturalness
Fine-tuning  

10  TeV muon collider reach 5-10 beyond LHC. 
~100 times better test of naturalness!
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Top partner

Spectacular signal, 
energetic final states. 
    T′ → Wb, Zt, ht

reach = 0.45xECM  

Pair production

Examples:  
SUSY stop 
Composite T 
…

A big step beyond the LHC!

LHC

New proposals

No need for high lumi.



Energy⇒precision
The effect of heavy new physics can be 
parameterized by higher dimensional (EFT) 
operators. 

Precision measurement targeting these operators.  

Their effect grows at higher energies.  

e.g. if new physics lead to dim-6 operators
𝒪(6)

Λ2NP
→ dσ ∝ E2

Higher energy ⇒ better sensitivity, better precision

10 TeV pCM can reach ΛNP ∼ 50 TeV



Top quark - Higgs coupling

17

the phase space in terms of the top quark pair invariant mass mtt̄ and the outgoing polar angle in

the CM frame with respect to the µ+ direction. Bin-by-bin signal significance after convolution is

shown in Fig. 6, where the range of cos ✓ is divided into eight equally sized bins, and mtt̄ is divided

into 50 GeV bins to take into account finite resolution e↵ects. From the figure, it is clear that our

sensitivity will come from the linear term, which peaks near the threshold.

FIG. 7. The ��2 as a function of �yt after summation over bins for
p
s = 3 TeV (left) and

p
s = 10

TeV (right). Contributions from both the interference terms and quadratic terms are included in the ��2

analysis, despite the quadratic term’s contribution is negligible.
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+0.015

FIG. 8. The reach plot for �yt at 1 � C.L. on various colliders. The bound on the Top Yukawa shift factor �yt

from (top to the bottom) the current LHC [15, 36], future High Luminosity LHC [37], proposed ILC [38, 39],

FCC-ee and FCC-hh [40].

We perform a chi-square test to set bounds on anomalous Top Yukawa coupling. The results

for the �2 analysis are presented in Fig. 7 for which we require the number of events in each bin

Higher energies lead to better precision.

Liu, Lyu, Mahbube, LTW 2308.06323

Limited by precision on very energetic particles.  
Should be similar to . Would be useful to verify!e+e− and γγ



Testing WIMP dark matter



Simplest WIMP model
Model Therm. 5σ discovery coverage (TeV)

(color, n, Y ) target mono-γ mono-µ di-µ’s disp. tracks
(1,2,1/2) Dirac 1.1 TeV — 2.8 — 1.8− 3.7

(1,3,0) Majorana 2.8 TeV — 3.7 — 13− 14

(1,3,ϵ) Dirac 2.0 TeV 0.9 4.6 — 13− 14

(1,5,0) Majorana 14 TeV 3.1 7.0 3.1 10− 14

(1,5,ϵ) Dirac 6.6 TeV 6.9 7.8 4.2 11− 14

(1,7,0) Majorana 23 TeV 11 8.6 6.1 8.1− 12

(1,7,ϵ) Dirac 16 TeV 13 9.2 7.4 8.6− 13

Table 1: Generic minimal dark matter considered in this paper and a brief summary of
their 5σ discovery coverage at a 30 TeV high energy muon collider with the three individual
channels. Further details of individual and combined channels, the 2σ and 5σ reaches, and
different collider parameter choices, including

√
s =3, 6, 10, 14, 30, 100 TeV are provided in

the summary plots in Figure 15, Figure 16, and in the appendix.

signals to be investigated in this paper. We will, however, adopt the notation (1, n = 2T+1, ϵ)

to label a Dirac multiplet, and correspondingly (1, n = 2T + 1, 0) for a Majarona multiplet.
For an even-dimensional n-plet, setting Y = (n − 1)/2 ensures the lightest eigenstate of

the EW multiplet to be neutral.1 In the minimal case, the limits from direct detection rule out
all cases with Y ̸= 0.2 Hence, to make the even-dimensional multiplet a viable scenario, we
could go beyond the minimality and introduce another state which mixes with the multiplet
after EW symmetry breaking and generates a small Majorana mass splitting between the
neutral Dirac fermion pair [20]. It is also possible to have such a splitting, while the EW loop
corrections still dominate the mass splitting between the neutral and the charged members
of the multiplet. For example, if a dimension-5 operator generates a mass splitting after
integrating out the new physics with a mass scale M , we have ∆m ∝ v2/M . Requiring this
to be smaller than the loop contributions and yet large enough to protect against the direct
detection bounds puts M ∼ (10–1000) TeV. Whether such additional new physics can also be
probed at a high-energy muon collider is a model-dependent question that we will not pursue
further. For the rest of our analyses, we will present the EW doublet (Higgsino) results while
implicitly making the assumptions above. It is the smallest even-dimensional multiplet and
also present in SUSY. The results for higher even-n multiplets are included in the appendix.
The main features of the collider signals in these cases are similar to those odd-dimensional
multiplets discussed in detail in this paper.

In principle, both real and complex scalar EW multiplets can contain viable dark matter
1For smaller values of Y for the even n-plet, one might need to rely on some additional splitting generating

mechanisms to change the lightest state being charged to neutral for n ≥ 4. For a more detailed discussion on
the splittings and hyper-charges, see subsection 3.4.

2The only exception is the case with tiny hyper-charge discussed above.
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Reach up to thermal target 
≈  

complete coverage for WIMP candidate

48.8

Correct relic abundance 
⇒ Thermal targets
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Redigolo, L. Vittorio, 2107.09688

Way beyond LHC reach.

DM in EW multiplet



WIMP reach

Study for muon collider with full BIB still lacking.

Different challenge for e+ e- and .γγ
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Figure 8. 2f exclusion of DM masses with horizontal (thick) bars for combined channels and various muon collider
running scenarios for

p
B = 3, 10 and 14 TeV [49]. The thin bars show the reach of the mono-photon plus one disappearing

track search. The vertical bars indicate the thermal mass targets.

The thick (darker) bars represent the reach in DM mass (horizontal axis) by combining different inclusive
missing-mass signals. The thin (fainter) bars are the estimates of the mono-photon plus one disappearing
track search. We have also included the target masses (vertical bars in black) for which the DM thermal
relic abundance is saturated by the EW multiplets DM under consideration. When combining the inclusive
(missing mass) channels, the overall reach is less than the kinematical limit <j ⇠

p
B/2, especially for EW

multiplets with =  3 due to the low signal-to-background ratio. It is possible to cover (with 2f) the thermal
targets of the doublet and Dirac fermion triplet with a 10 TeV muon collider. A 14 TeV muon collider can
cover the complex scalar triplet. For the real scalar and Majorana fermion triplet, a 30 TeV option would
suffice. The thermal targets of complex scalar and Dirac fermion (real scalar and Majorana fermion) 5-plet
would be covered by 30 (100) TeV muon colliders. We note that in order to cover the thermal targets, the
necessary center-of-mass energy and luminosity in many cases can be much lower than the benchmark values
we showed in Equation 3.7. At the same time, the disappearing track signal has excellent potential and could
be the leading probe for 5-plet or lower EW multiplet. Based on our study, it could bring the reach very
close to the kinematical threshold <j ⇠

p
B/2. We note that a 6 TeV muon collider with a disappearing track

search can cover the thermal target of the doublet case, motivating further detailed studies in this direction.
A 3 TeV muon collider has sufficient energy to access the pure-Higgsino DM through the disappearing track
channel kinematically. However, with the current detector layout design [54] and the short lifetime, the
signal efficiency would still be too low [48]. The maximal signal efficiency can be estimated as follows. At
⇢CM = 3 TeV, the Higgsino would be produced relatively close to the threshold. With a lifetime of 0.02 ns,
it would have a lab frame lifetime smaller than 0.56 cm, with a smaller transverse displacement. The single
disappearing track reconstruction would have an efficiency at most 2.5 ⇥ 10�4 without taking into account
any experimental acceptance. The Higgsino production rate without the requirement of the existence of a
25 GeV ?) photon is 10 fb. After requiring such a photon associated with the single track, the cross-section
is 1 fb. Higgsinos will be produced with a pseudorapidity distribution, yielding an even smaller number of
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WIMP at wake field collider
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Figure 17. The comparative 5ω discovery potential of key 10TeV pCM collider options for a
heavy electroweak doublet. The colored bands represent the 5 wakefield beam options studied
in this work, compared with a 10TeV muon collider and 100 TeV pp collider; shown also is the
projected reach of HL-LHC. Where literature results are available and the kinematic limit is not
saturated, the projected 2ω exclusion projections are shown in lighter colors. We assume a total
luminosity of 10 ab

→1 is collected for the lepton and photon colliders, 30 ab
→1 for the pp choice,

and 3 ab
→1 for HL-LHC; the exception is indicated with a hatched texture, where high luminosity

projections could not be found. The vertical line corresponds to the thermal higgsino prediction,
which can be discovered with e

+
e
→ and εε wakefield machines in all channels. Caution should

be used in the interpretation of this figure, as referenced works make di!erent assumptions about
detector configuration, background control, and underlying UV physics. For example, the discovery
potential for the disappearing track signature is more sensitive to the assumed detector configuration
than to the luminosity of the collider. See text for further details.

showed that the default configuration [90] has limited discovery potential, in particular being
unable to probe the 1TeV doublet benchmark. A more optimal detector configuration has
however been proposed in [89]; we use the corresponding improved discovery potential in
Fig. 17 and Fig. 18. In a 100TeV collider this design requirement must be balanced with
the expected radiation damage to the tracking layers, which is still an ongoing subject of
study.

To carry out the analogue of the WW+MET analysis in Section 4.2 at a high energy
hadron collider, one must rely on the leptonic branching ratios of the W and Z bosons.
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Figure 18. Similar to Fig. 17 for the electroweak triplet.

This produces a distinctive 3 lepton signature7 [91, 92], but reduces the overall signal rate
due to the relatively small leptonic branching ratios of the W and Z. The reach is also
very sensitive to mω± → mω0 , and a moderate amount of compression in the spectrum is
su!cient to hide the ω

±. For these models, the 100TeV pp-collider’s discovery potential is
also very sensitive to additional assumptions about the ultraviolet physics [92]. Assuming
the most optimistic parameter choices in [92], the triplet (doublet) model can be discovered
with 30 ab

→1 if mω± ↭ 3.8 TeV (mω± ↭ 2 TeV), assuming an uncompressed spectrum.8

If the spectrum is compressed and ω
± is e"ectively invisible in the detector, a 100TeV

pp-collider would rely on the mono-jet signature [75–77] as the counterpart of the mono-
e signature in Section 4.3. As our comparison point, we use the projections in [75] that
assume a 2% systematic uncertainty on the SM background. The discovery reach would
then extend to mω± ↑ 545GeV (mω± ↑ 199GeV) for the triplet (doublet) model. The
discovery potential for the HSCP signature was calculated for slepton models, assuming
3 ab

→1 [93]. We rescale this result to 30 ab
→1 assuming negligible backgrounds and correct

for the higher cross sections of a fermionic triplet and doublet, using the calculations in [91].
7This signature assumes the presence of an additional neutral particle close to the mω± scale, which

decays to the lighter neutral state via Z emission. For details on the model see the references cited.
8The original study in [92] assumed a luminosity of 3 ab→1, which we rescaled to 30 ab→1, assuming an

improvement on the cross section reach of →
√

3 ab→1/30 ab→1. We use the cross section computation in
[91] to convert the reach on the rescaled cross sections to a reach in terms of mω± .
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Beam-beam does not affect reach too much. 



Flavor (CP)

Main question: what is the scale and mechanism flavor physics?



Lepton flavor violation
BR(μ → 3e) < 10−12

c
Λ2 (eΓμ)(eΓe), Λ > 2 × 102 TeV

Exp limit:

Constraint: 

BR(τ → 3μ) < 2.1 × 10−8

c
Λ2 (μΓτ)(μΓμ), Λ > 10 TeV

Exp limit:

Constraint: 

Flavor scale beyond weak scale. Sometime known as the “little hierarchy” 

However, 10 TeV remains possible for new flavor physics!



Flavor violation: EFT study
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Figure 22: Summary of muon collider and precision constraints on flavor-violating 3-body
decays. The colored horizontal lines show the sensitivity to the ⌧3µ operator at various
energies, all assuming 1 ab�1 of data. The dashed horizontal (vertical) lines show the current
or expected sensitivity from ⌧ ! 3µ (µ ! 3e) decays for comparison. The diagonal black
lines show the expected relationship between di↵erent Wilson coe�cients with various ansatz
for the scaling of the flavor-violating operators (e.g., “Anarchy” assumes that all Wilson
coe�cients are O(1)).

structure of the theory [179,193]. A high-energy muon collider, on the other hand, would not

only be capable of producing superpartners at high masses, but would also provide direct

measurements of the lepton-flavor violating processes that would complement these low-

energy probes and provide detailed insight into the mechanism of supersymmetry breaking.

For simplicity, we will consider a simplified scenario where the e↵ects of all scalar super-

partners except for ẽR and µ̃R decouple. In this case, the slepton mixing reduces to a 2⇥ 2

problem with slepton-mass squared matrix

M
2
˜̀,RR

=

 
�RR,11 em2

E,12

em2
E,12 �RR,22

!
, (63)

where the diagonal terms are the sum of both soft-SUSY-breaking scalar masses (em2
E
) and

D-terms as well as terms dictated by supersymmetry, and we have assumed the o↵-diagonal

soft-breaking terms are CP conserving. This mass matrix can be diagonalized via a unitary

matrix UR to yield mass eigenstates m2
ẽ1
,m2

ẽ2
with the mixing angle given by

1

2
sin(2✓R) =

em2
E,12

m2
ẽ1
�m2

ẽ2

. (64)

We will further consider the situation where the lightest supersymmetric particle is a pure
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μ+μ− → τμ

μ+μ− → ℓiℓjDirect probe at muon colliders: 

Sensitivity comes from the high energy part. Similar reach for e+ e-



How about “real” flavor 
physics
Most naive limit on scale of flavor physics  

However, in many scenarios of flavor generation, there 
are suppressions.  

Extra-dimension.  

partial compositeness. 

…

Λflavor > 100s TeV

Arkarni-Hamed and Schmaltz, 9903417 
Arkani-Hamed, Dimopoulos, Dvali, March-Russell, 9811448 
Fitzpatrick, Perez, Randall, 07101869 …
D. B. Kaplan, 1991 
… 
Rattazzi, Ricci 2402.09503

New flavorful resonances can appear around 10 TeV. 
More work needed: models + collider pheno



Looking ahead
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3. The next CERN flagship collider project   
 

A. The electron–positron Future Circular Collider (FCC-ee) is recommended as the preferred option for 
the next flagship collider at CERN. 

 

The FCC-ee would deliver the world’s broadest high-precision particle physics programme, with an 
outstanding discovery potential through the Higgs, electroweak, flavour and top-quark sectors, as 
well as advances in quantum chromodynamics (QCD). Its technical feasibility is demonstrated by the 
comprehensive FCC Feasibility Study, its scope and cost are well defined, plausible funding scenarios 
have been developed and its schedule enables first beams within five to seven years after the end of 
HL-LHC operations. The FCC-ee would maintain European leadership in high-energy particle physics, 
as well as advancing technology and providing significant societal benefits. 

The FCC-ee would also pave the way towards a hadron collider reusing the tunnel and much of the 
infrastructure, providing direct discovery reach well beyond the 10 TeV parton energy scale, in line 
with the community’s ambition for exploration at the highest achievable energy. The overwhelming 
endorsement of the FCC-ee by the particle physics communities of CERN’s Member and Associate 
Member States further reinforces it as the preferred path.  

 

B. A descoped FCC-ee is the preferred alternative option for the next flagship collider at CERN.  
 

Descoping scenarios include removing the top-quark run, constructing two rather than four 
interaction regions and experiments and decreasing the radiofrequency (RF) system power. These 
measures would reduce the construction cost by approximately 15%. Although this would have a 
significant impact on the breadth of the physics programme and the precision achieved, the 
descoped FCC-ee would still provide a very strong physics programme and a viable path towards high 
energies, compared to the alternative collider options. Should additional resources become 
available, these descoping scenarios would be reversible.  

Several other alternative options, listed here in alphabetical order, were also assessed. They offer 
substantially reduced precision physics programmes and would not be competitive with a collider 
like the FCC-ee. Moreover, in themselves, they currently lack a viable path towards energies of 
10 TeV. At this stage, without knowing the reasons for which the FCC-ee would not be feasible, the 
other alternative options are not ranked. 

CLIC and LCF, linear colliders operating at two energies and up to 550 GeV, would offer competitive 
programmes in Higgs and top-quark physics. Compared to circular colliders, they have significantly 
lower luminosities at lower energies, leading to limited precision in electroweak physics and non-
competitive flavour physics programmes. The overall physics reach is thus less than that of the FCC-
ee. Both colliders require a tunnel of up to a third of the length of that of the FCC-ee to reach their 
ultimate energies of 1.5 TeV and 550 GeV, respectively. The path towards 10 TeV collisions would 
require plasma wakefield acceleration, which is not yet proven to be a viable technology. 

CLIC would initially operate at 380 GeV. The construction cost of the 550 GeV collider is estimated to 
be about 60% of that of the FCC-ee, whereas the full cost of the 1.5 TeV collider would be at the 
same level as that of the FCC-ee. The technology of CLIC is well developed but less mature than that 
of LCF.  

LCF would initially operate at 250 GeV and could be extended up to 550 GeV. The construction cost 
of the 550 GeV collider would be at the same level as that of the FCC-ee. The technology of LCF is 
mature. 

LEP3 and LHeC are colliders that would reuse the LHC tunnel, offering an intermediate physics 
programme at significantly lower construction costs than the other options. Neither, on its own, 

However, history taught us that there will still be a lot of 
uncertainties ahead.  

Other options, and steps beyond to 10 TeV pCM, will need to 
be vigorously pursued. 

Happening,right?



Conclusion
We are in uncertain times.  

Many unanswered questions, no clear path forward. 

There are also many opportunities  

Much more data from LHC to come.  

Many new proposals to study.  

Time to think big, think long term!



A lot to look forward to…

H



Extra



The Higgs measurements

Overall, a big step beyond the LHC
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allow) for beyond the Standard Model decays of the Higgs boson. [51]. Right, projected SMEFT fit to operators contributing
to Higgs production and decay at a muon collider. The reach of the vertical “T” lines indicate the results assuming only the
corresponding operator is generated by the new physics [64].
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FIG. 26: SMEFT fit to Higgs, electroweak precision and diboson data for future colliders [75].

can be searched for in interactions of the Higgs boson with either fermions or bosons at current and future proposed
facilities. The amount of CP violation is characterized by the quantity,

f
hX
CP ⌘

�CP odd
h!X

�CP odd
h!X + �CP even

h!X

. (2)

The dedicated CP -sensitive measurements of the h provide simple but reliable benchmarks that are compared between
proton, electron-positron, photon, and muon colliders in Table VIII.

Hadron colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
h boson interactions accessible in the collider experiments, with the exception of interactions with light fermions,
such as hµµ. The CP structure of the h boson couplings to gluons cannot be easily measured at a lepton collider,
because the decay to two gluons does not allow easy access to gluon polarization. On the other hand, most other
processes could be studied at an e

+
e
� collider, especially with the beam energy above the tt̄h threshold. Future e

+
e
�

colliders are expected to provide comparable CP sensitivity to HL-LHC in hff couplings, such as htt̄ and h⌧⌧ , and
hZZ/hWW couplings.

A muon collider operating at the h boson pole gives access to the CP structure of the hµµ vertex using the
beam polarization. It is not possible to study the CP structure in the decay because the muon polarization is not
accessible. At a muon collider operating both at the h boson pole and at higher energy, analysis of the h boson decays
is also possible. However, this analysis is similar to the studies performed at other facilities and depends critically
on the number of the h bosons produced and their purity. A photon collider operating at the h boson pole allows
measurement of the CP structure of the h�� vertex using the beam polarization. Otherwise, the measurement of CP



Are we ready for this?

sample.
This result is expected due to the general improvement of

-multiplicity observed earlier.
-

multiplicity for the DNNs trained on the “wrong” sample.

6

FIG. 5. The universality of the PFN tracks. The notation
“A ! B” in the figure means “trained on process A but
tested on process B”.

specific signal channel to a mixed 4b+6b+8b sample with
an equal amount of event numbers for each channel. To
be concrete, we use PFN track for this test. The result
of the signal e�ciency on the mixed sample is shown
in Fig. 5. The DNNs trained on an exclusive sample
still have a good performance on the mixed sample. For
example, with ✏S ⇠ 0.6, they have a rejection 1/✏B ⇠

500. The performance is better than that on the exclusive
`±⌫4b sample while worse than that on the `±⌫8b sample.
This result is expected due to the general improvement of
the performance with the b-multiplicity observed earlier.
We also observe here the improvement associated with b-
multiplicity for the DNNs trained on the “wrong” sample.
Moreover, DNNs trained with di↵erent exclusive samples
have similar performances on the mixed sample.

Classification accuracies SM
M0 = 30 GeV

M1 = 12 GeV

Tested on

Trained on
h ! bb̄ `±⌫4b `±⌫6b `±⌫8b

SM h ! bb̄ 67.1% 61.4% 58.1% 56.5%

M0 = 30 GeV

M1 = 12 GeV

`±⌫4b 69.3% 73.1% 69.7% 68.1%

`±⌫6b 72.3% 77.0% 76.5% 74.9%

`±⌫8b 74.4% 79.4% 79.9% 79.4%

4b + 6b + 8b � 76.4% 74.7% 73.6%

TABLE II. Testing the universality of the PFN with tracks
information.

In Table II, we show the classification accuracies of
DNNs trained on an exclusive sample and applied to
di↵erent samples, both exclusive and mixed. 4 It

4
The classification accuracy is defined as the ratio of “correct

predictions” to the length of the test dataset, where the

“prediction” for a given event is defined as the neuron with

maximal output. For instance, we count this event’s classification

as a signal if the neurons have output with r0 = 0.5, r1 = 0.1 and

r2 = 0.3. By this definition, the accuracy of a random prediction

is 33.3% for a three-neuron output DNN.

is interesting to note that the DNNs trained on lower
b-multiplicity samples perform better when they are
applied to higher multiplicity samples. For example,
the DNN trained on `±⌫4b sample (with an accuracy
of 73.1%) has an accuracy of 79.4% on the 8b sample.
Again, this observation implies the DNN trained in 4b
samples relies on the b (sub-)jet information. Note that
the DNNs also tag the SM h ! bb̄ events with 55%÷61%
e�ciency, implying that the b-jets and Higgs masses
played important roles in the signal and background
separation. When conducting a search for the exotic
decays, one can apply other well-trained and optimized
taggers for the h ! bb̄ process, and hence we do not take
this SM Higgs process as background when deriving the
limits in the next subsection.

B. Branching ratio upper limits for the exotic
decay

As an application of the techniques studied here, we
derive a projection for the sensitivity to the Higgs exotic
decays at the LHC and di↵erent future hadron colliders.

FIG. 6. The branching ratio upper limits for the exotic decays
at di↵erent luminosities, derived by the PFN tracks trained
on the corresponding channel. For the `±⌫4b channel, the
ATLAS result [50] is also plotted as reference.

The projections are obtained as follows. Given a cut
threshold rc, we collect the event numbers of the signal

and background samples that pass the cut, i.e. N (r0>rc)
S

and N (r0>rc)
B1 + N (r0>rc)

B2 . They can be interpreted to
the cross sections �S and �B after the cut. Therefore,
given an integrated luminosity L at the LHC, the
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New ideas to trigger and tag on this kind of final states?



Composite Higgs

Figure 2: Exclusion (2-�) sensitivity projections for future colliders (as labeled) in the mass
scale vs. coupling strength plane for Composite Higgs models. Plot based on Refs. [2, 199].
See text for details.

impact Higgs coupling measurements. C2W on the other hand has lower sensitivity for
larger couplings as the mass scale increases. Also shown is the direct search sensitivity for
a triplet vector ⇢ resonance. The muon collider is also expected to probe such models, and
we show projections for the 10 TeV Muon collider [199] considering the tree level process
µ

+
µ

�
! hh⌫⌫, which is minimally sensitive to C�. Probes of C� from Higgs coupling

measurements [200] may be competitive or stronger at lower energy muon colliders, but they
are not considered here. A further degree of freedom is associated with the compositeness of
the fermionic sector, and can have significant effects on tt and bb production. For example,
the sensitivity of a 10 TeV muon collider to a scenario where both the left and right handed
tops are assumed to have equal amounts of compositeness ✏t = ✏q

p
yt/g⇤ (not shown) can

significantly impact the possible reach. For details, see Ref. [199] and references within.
For further discussions of the sensitivity of future colliders to composite Higgs models see
Refs. [201–203].
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at Snowmass. This KK model is one of the many models that are constrained by general tt

resonance searches, which are regularly performed at the LHC [193,194] and are planned for
future pp colliders [195]. The mass reach, and hence the inverse scale of the extra dimensions,
for the KK gluon is 5.7 (6.6) TeV for 5� (95% CL) for the HL-LHC at

p
s = 14 TeV with 3

ab�1, and 9.4 (10.7) TeV for the HE-LHC at
p

s = 27 TeV with 15 ab�1 [196]. A model of
a KK gluon decaying to a SM boson and a radion was also discussed [141], in particular the
three-gluon final state which has been searched for at the LHC [197].

Weakly produced KK states, such as the the KK graviton, are often searched for in
di-jet resonances at pp colliders, pp! X ! 2 jets, discussed further in Sec. 9.4. The 5� �

discovery mass at future colliders is shown as a function of the integrated luminosity in
Fig. 14, and the corresponding summary of sensitivities in presented in Table 5.

6.2 Composite Higgs

As discussed in detail previously, in composite Higgs models, the minimal Higgs mechanism
for electroweak symmetry breaking is extended by new confining degrees of freedom that
ameliorate the gauge hierarchy problem in the Standard Model. The corresponding 125 GeV
Higgs scalar observed is then generally a mixture of a fundamental scalar boson and a
composite meson of the confining group. The combination of these ingredients then cures the
perturbative unitarity problem of longitudinal EW gauge boson scattering amplitudes when
the SM Higgs is neglected. Moreover, since the fundamental scalar boson is only partially
responsible for unitarity restoration, the composite degrees of freedom are matched to EW
diboson resonances necessary for the remaining restoration of unitarity. These EW diboson
resonances are thus a central prediction in composite Higgs models and emblematic of their
rich phenomenology.

The phenomenology of a Composite Higgs model is mainly governed by two parameters:
the mass (compositeness) scale m⇤, and the coupling g⇤ (which sets the scale of the couplings
in the EFT Lagrangian). In comparison with the SM couplings, we expect a strongly
interacting sector to have g⇤ > 1 couplings, while unitarity requires g⇤ < 4⇡. The Wilson
Coefficients, defined in Ref. [198], can be all parameterized in terms of this mass scale and
coupling, modulo order 1 factors. Different colliders have complementary sensitivities to the
various operators, the most relevant ones being [2, 198]
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As can be seen in Fig. 2, while the FCC (both ee and hh/ee) sensitivity to CW is almost
independent of g⇤, C� can probe larger couplings for higher mass scales, and would also
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. The wide (narrow) bars correspond to the
results from the constrained-�H (free-�H) fit. The HL-LHC and LEP/SLD measurements are combined
with all future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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Figure 7: Lifetimes of the singlets S (blue), N (orange), and Z
0 (green) interacting

through the indicated operators over a range of singlet masses. The longest
lifetimes are achieved for mBSM = 1 GeV at the upper end (in some cases they
exceed the upper limit of the plot); the hatched regions denote masses larger
than 100 GeV. Lifetimes well below the dashed line at 1mm produce prompt
decays rather than displaced ones.

these decays have additional CKM suppression which can make the Z
0 long-lived. In

fact in the benchmark point of Fig. 6 it transitions quickly to being so long-lived as to
be missing energy, but in detail, this shape will depend on the size of the coupling. In
the case of O

6
q3u1Z0 , the loop-induced decay is strongly suppressed due to the chirality

structure of the operator making Z
0 long-lived if mZ0 . 80 GeV. For higher masses, the

tree-level four-body decay gives a substantial contribution.
For the right-handed neutrino N , its decays are further suppressed by the three-body

phase space required with only the minimal four-fermion operators we have added. This
makes a fermion singlet a natural candidate for being long-lived. The size of the N

decay width, however, depends sensitively on the structure of the operator inducing the
top-quark decay (see right panel of Fig. 6). The O

6
qdlN and O

6
q3u1lN operators induce

tree-level three-body decays resulting in prompt decays once mN & 10 GeV. In the case
of the O

6
q1u3lN and O

6
dueN operators no tree-level three-body decays exist. Moreover, also

the loop-induced three-body decays are strongly suppressed due to the chirality structure
of the operators. This makes the five-body tree-level decays the leading decay channels
resulting in N being long-lived throughout almost the complete considered parameter
region.
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FIG. 1. An event topology with an LLP X decaying into two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a reference SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

timing layer with a time delay

�t
i
delay =

`X

�X
+

`i

�i
�

`SM

�SM
, (1)

for ith decay products from X and �i ' �SM ' 1. It
is necessary to have prompt particles from production
or decay, or ISR, which arrives at timing layer with the
speed of light, to derive the time of the hard collision at
the primary vertex (to “timestamp” the hard collision).

In Fig. 2, we show typical time delay �t distribution
for CMS MTD for benchmark signals and the back-
grounds. The two benchmark signals considered here
are the glueballs from Higgs boson decays, and the
neutralino and chargino pair production in the Gauge
Mediated SUSY Breaking (GMSB) scenario [2, 3]. Both
the glueballs and lightest neutralino proper lifetimes
are set to have c⌧ = 10 m. The 10 GeV glueballs
have larger average boost comparing to the 50 GeV
glueballs, and hence have a sizable fraction of the signals
with delays less than 1 ns. The GMSB signal is not
boosted and hence significantly delayed compared to the
backgrounds, with more than 70% of the signal having
�t > 1 ns.

Search strategy.— We consider events with at least one
ISR jet to timestamp the PV and one delayed SM object
coming from the LLP decay. We propose two searches
using the time delay information:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

MTD 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [16]

The size of the detector volume is described by transverse
distance to the beam pipe from LT1 to LT2 , where LT2 is

FIG. 2. The di↵erential �t distribution for typical signals
and backgrounds at 13 TeV LHC. The plot is normalized to
the fraction of events per bin with varying bin sizes, in linear
(�t < 1 ns) and logarithmic scale (> 1 ns) respectively. Two
representative signal models are shown with di↵erent masses.
The LLP proper lifetime is set to 10 m, and the distribution
only counts events decayed within [LT1 , LT2 ] of [0.2, 1.17] m
in the transverse direction, following the geometry of CMS
MTD in the barrel region. For the background distribution
shown in gray curves, we assume bunch spacing of 25 ns. The
solid and dashed gray curves represent backgrounds from the
same hard collision vertex and hence with a precision timing
uncertainty of �PT

t = 30 ps and from the pile-up with a spread
of �t = 190 ps, respectively.

the timing layer location and LT1 is the minimal displace-
ment requirement for a analysis. For both searches, we
assume a similar timing resolution of 30 ps. For the MS
search, because of the larger time delay and much less
background due to “shielding” by inner detectors, a time
resolution of 0.2 - 2 ns could achieve a similar physics
reach. The ✏trig, ✏sig and ✏

j
fake are the e�ciencies for trig-

ger, signal selection and a QCD jet faking the delayed
jet signal with pT > 30 GeV in MTD and MS searches,
respectively.

For the MTD search, we assume a new trigger strat-
egy dubbed “DelayJet” using precision timing informa-
tion at CMS. This can be realized by putting a minimal
time delay cut when comparing the prompt timestamping
jet (with pT > 30 GeV) with the arrival time of another
jet (with pT > 30 GeV) at the timing layer. In sup-
plemental material section (d), we describe some of the
recent e↵ort by the experimental collaboration to imple-
ment this in the triggering upgrade.

The MTD signal, after requiring LT1 of 0.2 m, will not
have good tracks associated with it. Hence, the major
SM background is from trackless jets. The jet fake rate
of ✏

j,MTD
fake = 10�3 is estimated using Pythia [20] by simu-

lating the jets with minimal pT of 30 GeV and study the
anti-kt jets with R = 0.4, where all charged constituent
hadrons are too soft (pT < 1 GeV). For comparison with
other studies, see supplemental material section (c).

h
X
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signal can be well separated from these backgrounds. In
the future, the object reconstruction with separation not
only in spatial but also in time should help discriminate
the various backgrounds.

In addition, in specific searches, signal typically has
additional feature. For example, in our case, we actu-
ally have two visible objects with di↵erent time delays.
Taking advantage of such characteristics, we expect the
background can be further suppressed.

As a side note, triggering on delayed signals concern-
ing the primary interaction vertex could become a very
interesting and important application for the general
class of long-lived particle signals [30–32]. Triggers with
additional timing information (such as sizable delay)
would complement current trigger system that focuses on
very hard events, using HT , pT of jets, leptons, photons,
and missing ET [33, 34]. A much softer threshold could
be achieved with sizable time delays as an additional
criterion, which would be extremely beneficial for LLP,
especially for compressed signal searches.

Augmented sensitivity on LLP through precision
Timing.— Our first example is Higgs decaying to LLP
with subsequent decays into bb̄ pairs. This occurs in
model [10] where the Higgs is the portal to a dark QCD
sector whose lightest states are the glueballs. The de-
cays of the 0++ glueballs are long-lived. This benchmark
has been studied without exploiting the timing informa-
tion [35, 36]. Typical energy of the glueball is set by
the Higgs mass, and the time delay depends on glueball
mass. The signal of LLPs produced through the decay of
an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃

0
1 ! hG̃. Our selection would be

general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃
0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃
±

or heavier neutralino �̃
0
2, promptly decay into the lightest

neutralino state �̃
0
1 plus soft particles.

h → X X, X → j j
MS(30ps), Δt>0.4ns
MS(200ps), Δt>1ns
EC(30ps), Δt>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%
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FIG. 4. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with p

j
T > 30 GeV and |⌘j | < 2.5. In

both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO
model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 4.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. For the MS
search, a less precise timing resolution (200 ps) has also
been considered with cut �t > 1 ns to suppress back-
ground. After the cut, the backgrounds from SV and PU
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FIG. 1. The projected sensitivity for Higgs decays to long-lived particles with VBF trigger (left

panel) and a displaced track trigger for the ggF channel (right panel) at the HL-LHC (3 ab�1) as a

function of proper lifetime of X using our proposed HGCAL LLP search. We consider two scenarios

of the displaced track trigger. The solid line on the top of the shaded region corresponds to the

reach with a trigger requirement of HT > 100 GeV, while the solid line on the bottom of the shaded

region is obtained without such additional requirement. The existing limits for BR(h ! XX) from

ATLAS Run 2 searches based on prompt VH [80] (dotted), the muon spectrometer [18] (dashed),

the calorimeter [14] (dot-dashed), with integrated luminosity of 36 fb�1, and the CMS search based

on displaced vertex in the tracker system [13] (long dashed) with integrated luminosity of 132 fb�1,

are also shown for comparison. The numbers on di↵erent colored lines indicate the mass of the

LLP in units of GeV for the corresponding searches.

XX) ⇠ O(10�4) with a lifetime of c⌧X ⇠ 0.1–1 meters, while for the ggF channel it is

about BR(h ! XX) ⇠ O(10�5–10�6) for similar lifetime. Alternatively, for an LLP with

c⌧X ⇠ 103 meters, the HGCAL based search should be able to probe BR(h ! XX) down

to a few ⇥10�4(10�2) in the ggF (VBF) channels, respectively.

The paper is organized as follows. In Sec. IIA, we discuss the signal model and the trigger

considerations for the signal. In Sec. II C, we describe signal and background generation. In

Sec. III, the distributions of kinematic variables are discussed, and the corresponding cuts

are applied. Finally, we show our results in Sec. IV and conclude in Sec. V.

Pointing with HGCAL

J. Liu, Z. Liu and LTW, 1805.05957
J. Liu, Z. Liu, X. Wang and LTW, 2005.10836

Potential to do better, BR(h→XX) < 10-5 

h → XX

X: LLP



Still room for new ideas. 
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