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Why a muon collider?
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Muons vs hadrons
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[Snowmass; 2203.07256]

QCD physics: 14 TeV  ~ 100 TeV  

EW physics: 14 TeV  ~ 200 TeV 

μμ pp
μμ pp

QCD physics ( =10 )β

EW physics ( =1 )β

Equivalence of production cross section of heavy pairs at hadron and muon colliders

 = relative strength of the heavy particle 
interactions with the partons / muons
β



Production modes
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[Constantini et al.; 2005.10289]

VBF takes over at high energies

s-channel VBF
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Two main production modes: s-channel and VBF
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 Parton luminosities

fractional scattering scale 

Production modes

A high-energy muon collider is effectively a vector boson collider

Energy at which VBF dominates over 
s-channel production

[Constantini et al.; 2005.10289]
E. Celada - Higgs physics at muon colliders



The SMEFT

Λ

heavy new 
particle

Dimension-6 operators Warsaw basis
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can introduce energy growing effects



Global SMEFT fits
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[Snowmass; 2203.07261]

• Constraints on Higgs effective couplings 
• Production channels:  
• VBF, s-channels, Higgs decays 

• global Higgs&EW fits

up to  improvements on 
Higgs couplings at 10 TeV  

compared to HL-LHC

"(10)
μμ
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• Trilinear interaction: constraints on the shape of the Higgs potential 

• HH notoriously difficult at LHC (  fb) 

• HL-LHC expected to reach  

• 50% precision on  

σ ∼ 30

λ3

Higgs potential at HL-LHC

7

In the SM:

[Cepeda et al.; 1902.00134]
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VBF as a probe of Higgs couplings
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Precise determination only possible at high-energy machines

[Snowmass; 2203.07256]
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Sensitivity to Higgs 
trilinear ( )λ3

Sensitivity to Higgs  

trilinear ( ) and quartic ( )λ3 λ4
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Relevant SMEFT operators

2H 3H

[Constantini et al.; 2005.10289]

Higgs potential in the SMEFT

3H vs 2H 
• more sensitivity 
• smaller rates (irrelevant 

at 3 TeV)

No additional E dependence 
Max sensitivity near threshold

E. Celada - Higgs physics at muon colliders



Higgs potential in the SMEFT
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Relevant SMEFT operators

2H 3H

[Constantini et al.; 2005.10289]

 and  sensitivities are 
driven by complementary 
PS regions

Oϕ Oϕd

Additional  dependence 
Gain in sensitivity with E

p2

E. Celada - Higgs physics at muon colliders



Relevant SMEFT operators

Higgs potential in the SMEFT

constrained by EWPO

E. Celada - Higgs physics at muon colliders 11



12 [Constantini et al.; 2005.10289]

3 TeV 14 TeV

(a) (b)

Figure 6. Same as figure 5 but for triple Higgs production from VBF.

undertaken. Independent of shifts to R(ci), it is important to point out that the higher
the event rate the more feasible it becomes to study differential distributions of the above
processes. Generically, an increased number of events allow us to more fully explore, and
therefore exploit, regions of phase space that are more sensitive to BSM.

Contrary to O', the operator O'd introduces a kinematical p
2 dependence in interaction

vertices. As a consequence, the impact of O'd grows stronger and stronger as collider
energy increases, potentially leading to a substantial gain in sensitivity. The imprint of this
behavior is visible in the fact that the ci interference term between the SM and new physics
becomes negligible as probing energy goes up. In this limit, the squared ci,i term dominates
as naïvely expected from power counting at higher energies. This follows from the purely
new physics contributions in SMEFT forcing R(ci) to grow at most as (E/⇤)

4, while the
linear ci contributions force R(ci) to grow at most as (E/⇤)

2. Leaving aside questions of
the EFT’s validity when (E/⇤)

4 corrections exceed those at (E/⇤)
2, our point is that it is

clear that sensitivity to O' and O'd are driven by complementary phase space regions.
As a final comment, we would like to note that while the study of individual SMEFT

operators can give important and useful information, in a realistic BSM scenario, multiple
operators would simultaneously contribute to a given observable. In this more complicated
scenario, correlations and numerical cancellations among operators appear, and phenomeno-
logical interpretations become more nuanced, more difficult. If we nevertheless put ourselves
in the scenario where a measured cross section (�) is consistent with the SM, then we can
still define a simplified estimate of the experiment’s constraining power. In particular, we
define the space of Wilson coefficients that predicts a cross section indistinguishable from
SM expectation at the 95% confidence level (CL) by the following:

S
p

B
=

|L · (� � �SM )|
p
L · �SM

 2 . (5.11)

– 24 –

Individual bounds (68% CL)

95% CL:

 constrained in single Higgs: only  relevantOϕd Oϕ

FCC combination
14 TeV muon collider

Higgs potential in the SMEFT

HH HH
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[Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao; 2003.13628]

Decorrelating  and λ3 λ4
can be correlated in the SMEFT at dim 6

E. Celada - Higgs physics at muon colliders

Need to measure  independently 
• sensitivity at tree level in HHH 

 at  at FCC-hh 

• at loop-level in HH 
 at  at FCC-hh

λ4

λ4/λSM
4 ∈ [−2, + 13] 2σ

λ4/λSM
4 ∈ [−2.3, + 4.3] 1σ
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[Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao; 2003.13628]

correlated in the SMEFT at dim 6

Need to measure  independently 
• sensitivity at tree level in HHH 

 at  at FCC-hh 

• at loop-level in HH 
 at  at FCC-hh

λ4

λ4/λSM
4 ∈ [−2, + 13] 2σ

λ4/λSM
4 ∈ [−2.3, + 4.3] 1σ

Decorrelating  and λ3 λ4

SMEFT dim6
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[Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao; 2003.13628]

 exclusion plots1σ

At other colliders 
• ILC  
• CLIC  
• FCC-hh

∼ [−10, + 10]
∼ [−5, + 5]

∼ [−2, + 4]

(10%) precision at a 
muon colliders
"

Decorrelating  and λ3 λ4

E. Celada - Higgs physics at muon colliders



HH as a probe of VVHH
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HH depends on  but also on , κ3 κV κV2
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1 Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) opens a new
avenue in particle physics. On the one hand, the existence of the Higgs boson completes the
particle spectrum in the Standard Model (SM) and provides a self-consistent mechanism in
quantum field theory for mass generation of elementary particles. On the other hand, the SM
does not address the underlying mechanism for the electroweak symmetry breaking (EWSB)
and thus fails to understand the stability of the weak scale with respect to the Planck scale. In
order to gain further insight for those fundamental questions, it is of high priority to study the
Higgs boson properties to high precision in the hope to identify hints for new physics beyond
the SM.

In the SM, the Higgs sector is constructed from a complex scalar doublet �. After
the EWSB, the neutral real component is the Higgs boson excitation H and the other three
degrees of freedom become the longitudinal components of the massive gauge bosons. As such,
studying the Higgs-gauge boson couplings would be the most direct probe to the underlying
mechanism of the electroweak symmetry breaking. After the EWSB, the Higgs sector can be
parameterized as

L �
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4

◆
, (1.1)

where v = 246 GeV is the vacuum expectation value of the Higgs field and i = 1 for the SM
couplings at tree-level. This “-scheme” is a convenient phenomenological parameterization
of deviations from the SM expectations, which is suitable for the exploratory nature of the

– 1 –

[Han, Liu, Wang; 2008.12204]

Expected 95% CL bounds at muon colliders:

~5% at FCC-hh (100 TeV)

~1% at FCC-hh (100 TeV)

~5% at LHC 
<1% at ee Higgs factories}

correlated in the SMEFT

E. Celada - Higgs physics at muon colliders
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[Muon Smasher’s Guide; 2103.14043]

after first generation couplings directly. If BSM deviations exist, even higher energy muon

colliders will only have a greater physics potential. For example, current LHC data allows an

enhancement of Br(h ! dd̄) by O(106), which is well within the reach of a muon collider [81].

Beyond just measuring properties of the SM Higgs which should exist, we can use the

Higgs as a potential window on unexpected new physics beyond the SM. The H†H operator

is the lowest dimension gauge and Lorentz invariant building block in the SM. Therefore, if

there are new states beyond the SM that are lighter than the Higgs, it is quite likely that

the Higgs will have some branching fraction to decay to them. These are known as exotic

Higgs decays and have been a subject of significant recent study [83]. Given that a muon

collider will have a clean environment with the additional benefit that it would produce a

larger number of Higgses than the e+e� Higgs factories, it provides an excellent opportunity

to investigate exotic Higgs decays further. Moreover, as at FCC-hh, given that the dynamic

range of energies available for the Higgs grows as the lepton collider
p
s increases, there are

a variety of other probes one can employ to test Higgs couplings beyond simply studying

branching fractions of on-shell Higgs bosons.

4.1.2.1 W+W -
! t t̄ : a longitudinal scattering case study

As an example of the power of having both precision and a dynamic range of energies

available to measure Higgs couplings, we consider the classic example of the interplay

between Higgs physics and perturbative unitarity. If the Higgs boson’s couplings are not

precisely those predicted by the Standard Model, then, in the absence of other new physics,

scattering amplitudes of longitudinal gauge bosons will grow with energy and eventually

violate perturbative unitarity bounds [84–89]. This allows high-energy colliders to probe

new physics operators that involve the Higgs boson by studying scattering processes with

external gauge bosons, rather than Higgses. This approach, very di↵erent from that taken

at Higgs factories, has been dubbed “Higgs without Higgs” [90].

A particularly interesting test case for this program at a muon collider is the measurement

of the top Yukawa coupling. While an e+e� Higgs factory is especially well-suited to a

high-precision measurement of the Higgs coupling to gauge bosons (especially through the

Higgsstrahlung process), the top Yukawa coupling will be less constrained. If we assume

that the top Yukawa deviates from its Standard Model value by a fraction �BSM, such that

yt 7! yt(1 + �BSM) , (33)

then we expect the 95% confidence limit on �BSM after HL-LHC to be |�BSM| . 0.06 (using

Fig. 135 of [91]). This is a much weaker bound than the ⇠ 10�3 precision of the hZZ

coupling expected at a Higgs factory. Hence, we focus on the top Yukawa for a first case

study of the potential Higgs coupling reach of a muon collider.

The scattering amplitude for top production via longitudinal W bosons when �BSM 6= 0

3095% CL bounds: 
• HL-LHC:  
• 14 TeV C:  with  ab

|δBSM | ≤ 0.06

μ |δBSM | ≤ 0.01 ℒ ∼ 100 −1

scales as [89]

M
�
W+

L
W�

L
! tt̄

�
' �

mt

v2
�BSM

p

ŝ , with
p

ŝ � mt . (34)

Taking into account only this growing term in the amplitude, we estimate that perturbative

unitarity is violated at a scale ⇤BSM . 10 TeV
�BSM

. For small �BSM, this is well above the energy

scale of a potential muon collider, so it is theoretically consistent to treat new physics in this

sector via the parameter �BSM without specifying the UV completion.

Figure 9: Di↵erential cross section for µ+µ�
! tt̄ + X from di↵erent gauge boson fusion

processes at a 14 TeV muon collider, with unpolarized beams (left) or fully polarized (left-
handed µ� and right-handed µ+) beams (right). At high energies, a deviation from the
Standard Model top Yukawa leads to a significant increase in the rates for the W+

L
W�

L
! tt̄

process. At low energies (visible in the insets), it produces either destructive interference
(�BSM > 0) or constructive interference (�BSM < 0).

In Fig. 9, we show the di↵erential distribution d�/dmtt̄ at a 14 TeV muon collider, both

for the case with unpolarized muon beams and the case with a fully left-handed µ� and

right-handed µ+. (FeynArts [92] and FeynCalc [93–95] were used to perform these

computations.) We see that the W+W� initial state is dominant in the case of polarized

beams, increasing the possible sensitivity to the enhanced W+
L
W�

L
! tt̄ process. In Fig. 10,

we present the 2� sensitivity of a muon collider to the parameter �BSM. The sensitivity is

computed from the di↵erence in BSM and SM predictions for the di↵erential distribution

d�/dmtt̄ integrated over a set of bins.8 (This assumes that tt̄ events can be detected with high

e�ciency, an assumption that should be checked with detector simulations in the future.)

We find that percent-level deviations in the top Yukawa can be probed with luminosities

⇠ 10 ab�1 at a muon collider with polarized beams. The reach with unpolarized beams su↵ers

8We divide the energy range into 20 bins (with smaller bins at lower mtt̄, where the cross section is larger)
and find the value of �BSM for which the Poisson log likelihood di↵erence 2� logL = 4, where we compute

this di↵erence as 2
P

i2bins

�
nSM
i � nBSM

i + nBSM
i log(nBSM

i /nSM
i )

�
, where n(B)SM

i is the model’s predicted
mean for bin i and need not be an integer. This is a rough proxy for the sensitivity that one might obtain
by doing pseudo-experiments. We have checked that the result is not very sensitive to the choice of binning.

31

Higgs without the Higgs: off-shell H production
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Top Yukawa in tt VBF

[Henning et al.; 1812.09299]



Muon Yukawa
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Anomalous muon-Higgs couplings in HEFT

…and in SMEFT at dim 6
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• Yukawa couplings of the second generation are 
still poorly measured
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• An anomalous Yukawa coupling in  
leads to unitarity breaking effects 

μμ → VN

Muon Yukawa

18

Anomalous muon-Higgs couplings in HEFT

…and in SMEFT at dim 6
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• Yukawa couplings of the second generation are 
still poorly measured

μμ → VN
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Great potential for a 10 TeV muon collider! 

• current bounds at LHC:  
• SMEFT:  constrains   
• HEFT:  (combination) 
• sign determination in  
• simultaneous constraints in  contour plots 

|Δα1 | ∈ [−0.2,0.4]
μμ → HHH |Δα1 | ≤ 0.05

|Δα1 | ≤ 0.1
HH, HHH, ZZZ

(α1, α2)

Muon Yukawa

[EC, T. Han et al.; 2312.13082]E. Celada - Higgs physics at muon colliders 19



Summary & conclusions
• A high energy muon collider is a vector boson collider 

• probe Higgs interactions via VBF and longitudinal scattering amplitudes 

• promising results for 
• triple & quartic Higgs self coupling: better than FCC-hh already at 6 TeV 
• HHVV: competitive with FCC-hh at ~ 6 TeV 
• top Yukawa: %-level precision at  TeV and  ab  
• muon Yukawa: 5% precision at a 10 TeV collider 

Great prospects for Higgs physics motivate further studies

s ≥ 14 ℒ ∼ 100 −1

20E. Celada - Higgs physics at muon colliders


