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• The Standard Model has been quite successful in describing the physics 
at small scales.

• Intriguing puzzles:
• Hierarchy problem
• Dark matter
• Neutrino oscillation
• Baryon asymmetry
• ...

What can we learn at muon colliders?
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Figure 1.9.1, a muon collider is most efficient known technology to explore multi-TeV energy scales.

Figure 1.9.1: Ratio of luminosity to wall plug power compared to several e+e→ machines.

A 10 TeV muon collider at 10 TeV requires about half the length of the tunnels (including the injectors)
of an 100 TeV pp collider. All the acceleration chain is entirely, or partially pulsed, therefore electrical
consumption is reduced, and the collider ring, which is the only CW machine, is only about 10 km long.
For a green field construction with no re-use of previously existing infrastructure, the CO2 footprint for
the construction can therefore be barely estimated as half of that of the FCC-ee, and equivalent to that
of a linear electron collider at 3 TeV.

Furthermore, the IMCC based its design on technologies that should provide a reduced energy consump-
tion with respect to the present state of the art, namely:

– Magnets based on High Temperature Superconductors (HTS). HTS have the potential to
greatly lower the energy consumption for the same level of magnetic field (not always achiev-
able with conventional LTS materials). It is fair to say, however, that this technology is not yet
demonstrated to work reliably in an accelerator environment, therefore the need for a muon cool-
ing Demonstrator.

– High Efficiency Klystrons. The MC cooling channel requires low duty factor, high power (> 20
MW) RF power sources. No klystron with similar characteristics exist on the market, therefore the
IMCC will, if budget is made available, develop a new klystron with a minimum of 80% efficiency
(against a typical 60% to 65% efficiency of presently commercially available klystrons.

– Superconducting RF cavities. Wherever possible (for non-pulsed RF) the IMCC has foreseen
superconducting RF cavities. This choice allows to reach high electric gradient for a much reduced
electrical consumption with respect to room temperature RF structures.

– Efficient Cryogenics systems. By choosing from the start to use high temperature superconduc-
tors, the IMCC will invest, as resources will become available into the development of efficient
cryogenic systems at temperatures around 20K, and will therefore help pushing the boundaries for
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• Muon colliders offer :

• Compact machine

• Less synchrotron radiation / beamstrahlung

• Point-like particle, no energy "waste"
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Muon Collider
• Building a muon colliders is also challenging:
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Accelerator challenges
See Neuffer’s talk

Detector challenges
See Lee’s talk

But very often, challenging is also synonymous to exciting! 
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• (Novel) SM at MuC: 

• EW PDF

• neutrino beam DIS

• Cutting beam ckm

• BSM at energy frontier

• WIMP

• Singlet

• Z’

• SUSY

• HNL

• BSM at precision frontier 

• Energy growth

• Flavor

• SMEFT-VBF

• Conclusion
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Higgs Precision
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Figure 13. The current state of the art for Higgs couplings at a 10 TeV µ
+
µ
→ collider in isolation

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

procedure described in Appendix B. Here ω3 is the trilinear Higgs self-coupling result from [4, 15].
We have used the assumption |ωf | < 1 for other couplings for the muon collider, which gives strictly
weaker precisions than the assumption |ωV | < 1 and is justified for theories violating |ωV | < 1 after
incorporating direct searches at the muon collider. No assumptions are made for the 250 GeV e

+
e
→

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

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

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

– 28 –

Forslund, Meade, arXiv: 2203.09425 
                         arXiv: 2308.02633

that at high energy lepton colliders, vector boson fusion (VBF) production modes begin to
dominate for many electroweak processes [25, 26], allowing them to be thought of as gauge
boson colliders [9, 10, 14, 25]. However, since we focus on single Higgs precision in this
paper for muon colliders, in Figure 1 we show only the unpolarized cross sections for the
most important production mechanisms as a function of energy, where we have separated
WW and ZZ fusion for single Higgs production. As clearly seen, by 10 TeV, VBF is the
dominant production mode for all single Higgs production including ZH and tt̄H. For ex-
ample, we see that W+

W
� fusion single Higgs overtakes ZH by 500 GeV, ZZ fusion single

Higgs overtakes it by 900 GeV, and even VBF ZH production becomes larger by 1.1 TeV.
Since WW provides the largest single Higgs cross section parametrically, it is obvious that
high energy muon colliders will provide the most sensitivity to the hW

+
W

� coupling com-
pared to other Higgs factory options [3]. However, there is also room for complementarity,
given that at lower energies e

+
e
� colliders rely upon the hZZ coupling for the dominant

production mode. The dominance of VBF and the kinematics of a 10 TeV muon collider
presents new challenges as well. Given that the ZZ and W

+
W

� VBF production modes
are both large (even though ZZ is clearly subdominant), they serve as a background to
each other if there aren’t handles to disentangle them. As we will see in the results of
Section 3, Higgs being a sizable background for itself is a common feature for high energy
muon colliders which benefit from the improved S/B compared to hadron colliders.
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Figure 1. Cross sections for the most important single Higgs production modes as a function
of energy. Here ZH and tt̄H are s-channel production while the others are vector boson fusion
produced in association with any of (⌫µ⌫̄µ, ⌫µµ±

, µ
+
µ
�).

An obvious handle to disentangle various VBF production contributions is the ability to
tag forward charged particles. For instance, if one could tag forward muons, one could easily
distinguish between ZZ and W

+
W

� VBF processes. However, as the ECM increases far

– 4 –
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FIG. 1: VBF production of a single Higgs boson at a high energy muon collider via WW

fusion. For ZZ fusion, replace the W propagator by the Z propagator and the outgoing

neutrinos by muons.

(a) (b) (c)

FIG. 2: Double Higgs production at a high energy muon collider via WW fusion. The

production goes through the VBF topology, as in Fig. 1.

evaluate the statistical accuracy achievable to determine the HV V couplings in Sec. III.

Foremost, we show the improvement for the precision measurement on the triple Higgs

boson coupling as well as the V V HH coupling in Sec. IV. We summarize our results and

conclude in Sec. V.

II. HIGGS BOSON PRODUCTION AT A HIGH-ENERGY MUON COLLIDER

The Higgs boson couples predominantly to heavier particles. The production of a Higgs

boson thus involves other heavy particles in the SM. At high energies, gauge bosons will

copiously radiate off the colliding beams. Therefore, the vector boson fusion (VBF) mecha-

nism are the dominant source for the Higgs boson production at a high-energy muon collider

[30, 31]. The production processes involving the Higgs boson at a high-energy muon collider

include

µ
+
µ
� VBF

�! H, ZH, HH and tt̄H , (6)

5
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Ultimate 
uncertainty on kλ is 
around 30%!
Tight constraints 
could be imposed 
also on non-SM 
values of kλ

• The Higgs self-coupling is the least measured SM parameter.

• It may shed light on the origin of EWSB.

• Hard to measure at LHC due to destructive interference.

• FCC-ee/CEPC can only measure via loop effects.
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Higgs Pairs

Is it the SM Higgs?

11

LHC (now)

(If you like this way of presenting Higgs self-coupling precision, please feel free 
to use it! The inspiration came from conversations with R. Petrossian-Byrne.) 

See talks by I. Low & M. Forslund
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Is it the SM Higgs?

C (10 TeV)μ

HL-LHCCredit to N. Craig
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Higgs Pairs
• Plenty of Higgs pairs will be produced at MuC.
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p
s (TeV) 3 6 10 14 30

benchmark lumi (ab�1) 1 4 10 20 90

� (fb): WW ! H 490 700 830 950 1200

ZZ ! H 51 72 89 96 120

WW ! HH 0.80 1.8 3.2 4.3 6.7

ZZ ! HH 0.11 0.24 0.43 0.57 0.91

WW ! ZH 9.5 22 33 42 67

WW ! tt̄H 0.012 0.046 0.090 0.14 0.28

WW ! Z 2200 3100 3600 4200 5200

WW ! ZZ 57 130 200 260 420

TABLE I: SM Higgs boson production cross sections in units of fb at a muon collider for

various energies. For comparison, the SM background processes of Z and ZZ production

are also shown.

which are all dominantly from the VBF processes. We list the production cross sections in

Table I for those Higgs production processes with a few representative benchmark energy

choices. Cross sections are computed using the package MadGraph [35]. Recently it has

been advocated that, in high energy collisions, it may be appropriate to adopt the approach

of electroweak parton distribution functions (EW PDF) [31] to resum the potentially large

collinear logarithms at high scales. For the processes under consideration, the difference is

insignificant since the single Higgs production is set by a low scale mH , while the Higgs pair

production HH is dominated by the longitudinal gauge boson fusion (WLWL), that has no

scale dependence at the leading order.

We will examine the precision measurements of the Higgs boson couplings via the pro-

duction processes as depicted in Figs. 1 and 2. For instance, at a 10 TeV muon collider

with an integrated luminosity of 10 ab�1, we may expect the production of about 107 Higgs

bosons and 3.6 ⇥ 104 Higgs pairs. For comparison, we have also included in Table I the SM

irreducible backgrounds µ
+
µ
� VBF

! Z, ZZ, which are also largely from the VBF mechanism,

in Table I. Although the background rates are larger than the signals by a factor of 4 (55)

for the H (HH) process, they populate different kinematical regions from the signals and

can be reduced by appropriate kinematic cuts.
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FIG. 8: Representative Feynman diagrams induced by Ch

5 and C2h
5 for the scattering

µ+µ→
→ hhωµωµ.

Figs. 9 and 10, we show the impact of such contact interaction to Ch

5 and C2h
5 when using

the EWA. Once the contribution from the contact interactions is added to the EWA results,

a much better agreement is achieved for energy regimes away from the threshold. One also

notices that the first term has the same structure as C0 and to be more explicit, by neglecting

the second contact term, the coupling Ch

5 corresponds to the following identification:

Ch

0 = Ch

5 , C2h
0 = 4Ch

5 (58)

and the coupling C2h
5 corresponds to:

C2h
0 = 2C2h

5 (59)

This further explains the behaviors of the C0, C5 combinations in Table II.

Next we consider the case of C6. We expect that the discrepancy comes from terms

neglected in EWA. To see this, it is worth recalling the generalized EWA (gEWA) formula

introduced in Ref. [60], which states that the full amplitude of the µ+µ→
→ hhωµω̄µ can be

approximately written as the sum of three on-shell sub-amplitudes:

AgEWA =
4C1C2

V 2
1 V 2

2

∑

h1h2

p̃→h1
↑ q̃h2

↑ g→h1(x1)gh2(x2)Aon→shell(W
+
h1

(εk1)W
→
h2

(εk2) → hh) , (60)

where εk1,2 are the three momenta of the W±:

εk1 = (↑εp↑, x1E), εk2 = (↑εq↑, ↑x2E) , (61)

where εp↑ and εq↑ are the transverse momenta of the outgoing neutrinos with respect to

the incoming beam. The splitting g-functions are given in Eq. (46) of Ref. [60], which are

25
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Higgs Pairs
• Muon colliders offer us the opportunity to precisely measure 

the Higgs self-coupling
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Figure 2.2.3: Left: 1ε sensitivities (in %) from a 10-parameter fit in the ω-framework at a 10 TeV
MuC with 10 ab↑1, compared with HL-LHC. The effect of measurements from a 240 GeV e+e↑ Higgs
factory is also reported. See Section 16 for details. Right: Sensitivity to the Higgs trilinear coupling
modifier ϑωϑ of different future colliders. The sensitivity of the 3 TeV muon collider (MuC-3) and
10 TeV muon collider (MuC-10) is compared with that of the HL-LHC, CLIC, and FCC-hh. Plots
adapted from Ref. [1].

Along these lines, the “Energy” arrow in Figure 2.2.1 represents the possibility of searching for new
heavy particles of very generic nature, or specific well-motivated candidates. Past works have inves-
tigated the MuC sensitivity to a number of BSM scenarios ranging from WIMP dark matter, extended
Higgs sectors, heavy neutral leptons, composite resonances, solutions to the g→2 anomaly and more [8–
72, 80–93, 160, 202]. A few specific results are outlined below. It should be emphasised that the results
described below—as well as in the majority of the muon collider studies in the literature—are based on
detailed phenomenological analyses that consider the relevant backgrounds as well as a parametric mod-
elling of the detector effects. The assumed detector performances are those of the IMCC muon collider
DELPHES card [203, 204], which match the performances of the CLIC detector and lie in between the
“Baseline” and “Aspirational” performances described in Section 3.1.

Reference [8] (see also Refs. [7, 9, 10]) studied one extra EW-singlet Higgs scalar which is potentially
responsible for the generation of a strong first-order EW phase transition in the Early Universe, and
is present in other BSM scenarios as well. Such a “scalar singlet” is a standard benchmark for future
colliders, also in light of its peculiar coupling to the SM, which occurs only through a Higgs-portal
interaction. The 10 TeV MuC mass-reach on this BSM scenario is superior to that of the FCC-hh in the
most motivated region of the model’s parameter space. In fact, the sensitivity is superior in the whole
parameter space upon including the indirect MuC reach from Higgs coupling measurements. This is
shown on the right panel of Figure 2.2.2 in the plane formed by the mass of the particle and its coupling
to the SM, expressed in terms of the degree of mixing with the Higgs boson. The MuC advantage
over FCC-hh stems from the larger MuC cross-section for the production of Higgs portal-coupled new
physics in vector boson fusion. Similar findings have been reported in other Higgs portal-coupled BSM
scenarios, making the muon collider an ideal option to cover this class of models at the multi-TeV scale.

Several papers [80–93] studied the observability of a variety of WIMP DM candidates at the muon

32

T. Han, D. Liu, I. Low, XW  arXiv: 2008.12204
Buttazzo, Franceschini, Wulzer  arXiv: 2012.11555

-��� -��� ��� ��� ���
-����

-����

����

����

����

�� ⨯ ��

�
�
⨯
��

��%� ��% ���� ��������

� = �� ���

��������� ��

����� ������������ ��

Figure 6: Constraints on the Wilson coe�cients C6 and CH of eq. (16) from the inclusive
hh ! 4b cross-section measurement (blue), and from its di↵erential distribution in di-Higgs
invariant mass Mhh and Higgs transverse momentum pT,h (red). The contours indicate 68% and
95% C.L. constraints (2 d.o.f.). Left: Ecm = 10 TeV. Right: Ecm = 30 TeV.

the four jets by minimizing |Mj1j2 � mh| + |Mj3j4 � mh|, where Mjj is the invariant mass of
two jets and mh is the Higgs mass. Finally, we select the signal events requiring that for the
Higgs candidates the dijet invariant mass Mjj > Mcut, and that at least Nb jets out of four are
tagged as b-jets (we assume a b-tag e�ciency of 70% and a misidentification probability as given
in [40]). We optimize the significance of the hh cross-section measurement varying Mcut and
Nb. At 3 TeV center of mass energy we find the optimal values Mcut = 105 GeV, Nb = 3, with
a corresponding signal selection e�ciency ✏sig = 25%. This result is in perfect agreement with
the results of Ref. [39], based on a full detector simulation and a BDT selection, which quote
✏sig = 26%. At 10 TeV we find a very similar result, with ✏sig = 32%. The number of background
events that pass the selection cuts is of the same order as the number of signal events. We have
also checked that varying the energy resolution on the diboson invariant mass by ±50% has
a minor impact on the optimal e�ciency, although increasing the background contamination.
More details are reported in Appendix B.

Given these considerations, we simply estimate the error on the cross-section as �� ⇠p
L · ✏sig · �, using the value ✏sig = 26% for all collider energies, but keeping in mind that with a

di↵erent e�ciency the result scales as
p
✏sig. The final precision on the modified trilinear coupling

is given in the last column in Table 7.6 A 10 TeV muon collider could reach a 5% precision,
while a 1.5% precision can be reached at a 30 TeV collider. The results are in agreement with
the previous rough estimates based on the total number of events, but this is purely accidental.
Indeed, the acceptance cuts reduce the cross-section by a very large factor (almost 300 at
30 TeV), but the reduced number of events is compensated by a stronger sensitivity to �3.

Since the detector specifications for a VHEL are not known at present, it is interesting to
assess the dependence of our results on the assumptions about acceptance and e�ciency. In
Figure 5 right we show the dependence of the trilinear coupling limit on the acceptance cuts on
the polar angle ✓jet. We see that the reach is not drastically a↵ected by the angular cut. This is
due to the fact that the trilinear coupling contributes to the cross-section mainly in the central
region, while the forward events come from SM processes. Restricting to a more central region

6
For a 3 TeV collider we use a luminosity of 5 ab

�1
, for ease of comparison with the CLIC studies.
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Figure 2.2.3: Left: 1ε sensitivities (in %) from a 10-parameter fit in the ω-framework at a 10 TeV
MuC with 10 ab↑1, compared with HL-LHC. The effect of measurements from a 240 GeV e+e↑ Higgs
factory is also reported. See Section 16 for details. Right: Sensitivity to the Higgs trilinear coupling
modifier ϑωϑ of different future colliders. The sensitivity of the 3 TeV muon collider (MuC-3) and
10 TeV muon collider (MuC-10) is compared with that of the HL-LHC, CLIC, and FCC-hh. Plots
adapted from Ref. [1].

Along these lines, the “Energy” arrow in Figure 2.2.1 represents the possibility of searching for new
heavy particles of very generic nature, or specific well-motivated candidates. Past works have inves-
tigated the MuC sensitivity to a number of BSM scenarios ranging from WIMP dark matter, extended
Higgs sectors, heavy neutral leptons, composite resonances, solutions to the g→2 anomaly and more [8–
72, 80–93, 160, 202]. A few specific results are outlined below. It should be emphasised that the results
described below—as well as in the majority of the muon collider studies in the literature—are based on
detailed phenomenological analyses that consider the relevant backgrounds as well as a parametric mod-
elling of the detector effects. The assumed detector performances are those of the IMCC muon collider
DELPHES card [203, 204], which match the performances of the CLIC detector and lie in between the
“Baseline” and “Aspirational” performances described in Section 3.1.

Reference [8] (see also Refs. [7, 9, 10]) studied one extra EW-singlet Higgs scalar which is potentially
responsible for the generation of a strong first-order EW phase transition in the Early Universe, and
is present in other BSM scenarios as well. Such a “scalar singlet” is a standard benchmark for future
colliders, also in light of its peculiar coupling to the SM, which occurs only through a Higgs-portal
interaction. The 10 TeV MuC mass-reach on this BSM scenario is superior to that of the FCC-hh in the
most motivated region of the model’s parameter space. In fact, the sensitivity is superior in the whole
parameter space upon including the indirect MuC reach from Higgs coupling measurements. This is
shown on the right panel of Figure 2.2.2 in the plane formed by the mass of the particle and its coupling
to the SM, expressed in terms of the degree of mixing with the Higgs boson. The MuC advantage
over FCC-hh stems from the larger MuC cross-section for the production of Higgs portal-coupled new
physics in vector boson fusion. Similar findings have been reported in other Higgs portal-coupled BSM
scenarios, making the muon collider an ideal option to cover this class of models at the multi-TeV scale.

Several papers [80–93] studied the observability of a variety of WIMP DM candidates at the muon
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Figure 6: Constraints on the Wilson coe�cients C6 and CH of eq. (16) from the inclusive
hh ! 4b cross-section measurement (blue), and from its di↵erential distribution in di-Higgs
invariant mass Mhh and Higgs transverse momentum pT,h (red). The contours indicate 68% and
95% C.L. constraints (2 d.o.f.). Left: Ecm = 10 TeV. Right: Ecm = 30 TeV.

the four jets by minimizing |Mj1j2 � mh| + |Mj3j4 � mh|, where Mjj is the invariant mass of
two jets and mh is the Higgs mass. Finally, we select the signal events requiring that for the
Higgs candidates the dijet invariant mass Mjj > Mcut, and that at least Nb jets out of four are
tagged as b-jets (we assume a b-tag e�ciency of 70% and a misidentification probability as given
in [40]). We optimize the significance of the hh cross-section measurement varying Mcut and
Nb. At 3 TeV center of mass energy we find the optimal values Mcut = 105 GeV, Nb = 3, with
a corresponding signal selection e�ciency ✏sig = 25%. This result is in perfect agreement with
the results of Ref. [39], based on a full detector simulation and a BDT selection, which quote
✏sig = 26%. At 10 TeV we find a very similar result, with ✏sig = 32%. The number of background
events that pass the selection cuts is of the same order as the number of signal events. We have
also checked that varying the energy resolution on the diboson invariant mass by ±50% has
a minor impact on the optimal e�ciency, although increasing the background contamination.
More details are reported in Appendix B.

Given these considerations, we simply estimate the error on the cross-section as �� ⇠p
L · ✏sig · �, using the value ✏sig = 26% for all collider energies, but keeping in mind that with a

di↵erent e�ciency the result scales as
p
✏sig. The final precision on the modified trilinear coupling

is given in the last column in Table 7.6 A 10 TeV muon collider could reach a 5% precision,
while a 1.5% precision can be reached at a 30 TeV collider. The results are in agreement with
the previous rough estimates based on the total number of events, but this is purely accidental.
Indeed, the acceptance cuts reduce the cross-section by a very large factor (almost 300 at
30 TeV), but the reduced number of events is compensated by a stronger sensitivity to �3.

Since the detector specifications for a VHEL are not known at present, it is interesting to
assess the dependence of our results on the assumptions about acceptance and e�ciency. In
Figure 5 right we show the dependence of the trilinear coupling limit on the acceptance cuts on
the polar angle ✓jet. We see that the reach is not drastically a↵ected by the angular cut. This is
due to the fact that the trilinear coupling contributes to the cross-section mainly in the central
region, while the forward events come from SM processes. Restricting to a more central region

6
For a 3 TeV collider we use a luminosity of 5 ab

�1
, for ease of comparison with the CLIC studies.
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Electroweak Radiation
• At high energies , the EW group  is 

approximately unbroken — EW restoration.

• EW radiation will behave like QCD!

E ≫ mW SU(2) × U(1)
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• High energy muons can have rich parton contents due to 
EW radiations.
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Electroweak Radiation
See also Pagani’s lecture 
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• High energy muons can have rich “parton” contents due to 
EW radiations.

Figure 1. PDFs in a high-energy lepton for (a) an electron and (b) a muon below the EW scale at
Q = 30 (50) GeV; and for (c) an electron and (d) an muon above the EW scale at Q = 3 (5) TeV.

including leptons and quarks, are generated through � ! `+`�, qq̄, while gluon comes from
q ! qg splitting. In the low-x limit, the generated PDFs behave as 1/x plus logp x corrections.

Including higher orders, the valence PDF receives threshold corrections of the form 1/(1�
x) and logp(1 � x). The precise determination of the PDFs in the x ! 1 limit requires all
orders of resummation. It can be only achieved for the valence non-singlet PDF under the
fixed coupling assumption when x asymptotically approaches 1, as demonstrated in App. A.1.
Determination of the PDFs at other nontrivial x value (0 < x < 1) or with a running
coupling requires fully solving the DGLAP equations numerically. We outline the techniques
we develop and take the non-singlet PDF of valence lepton as an example for demonstration
in App. A, while leave the comprehensive details of singlet, photon and gluon PDFs for a
future work [57]. A smooth transition to the x ! 1 asymptotic form requires a consistent
matching [61]. In our practical treatment, we take the valence lepton PDF as a functional
form as

f`/`(x,Q
2) =

(
fresum(x,Q2), x < 1� ✏,

L(Q2)�(1� x), x � 1� ✏,
(2.17)

where ✏ serves as a regulator.4 Within x < 1 � ✏, the fresum(x,Q2) is obtained through the

4
Below the EW scale, we take ✏ = 10

�6
. For EW PDFs above µEW, we apply a more severe truncation

✏ = MZ/Q to assure the correct double-log behavior in the f ! fZ(f 0W ) splitting [23, 28].

– 6 –

Han, Ma and Xie, arXiv: 2103.09844
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• Unlike QCD, the EW group  is 
broken after all.

SU(2) × U(1)

• Parton description of W/Z bosons?
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Figure 2.4.1: The energy spectrum of neutrino interactions produced by the 3 TeV and 10 TeV MuC in
one year, overlaid with the summary plot in Ref. [256] for past and planned neutrino experiments. The
solid and dashed lines assume, respectively, a small 10 kg and a realistic 1 ton target mass.

The physics opportunities offered by the neutrino beams are still to be explored. Ideas discussed long
ago [250] include measurements of the CKM quark mixing matrix, nucleon structure, EW precision
and charm quark physics. The contemporary relevance of these measurements is being assessed, and
the sensitivity projections adapted to the higher-energy neutrino beams that would be available at the 3
and 10 TeV MuC. Preliminary results described in Section 17.4 and Chapter 18 outline unprecedented
opportunities for both CKM elements and Parton Distribution Functions (PDFs) determination from
neutrino Deep Inelastic Scattering (DIS) measurements.

An extraordinary neutrino DIS experiment could be performed with the high energy muon collider neu-
trinos. The intense and precisely characterised beam of TeV-energy neutrinos will enable high-statistics
and low-systematics DIS measurements, in a region of high transferred momentum Q2 that is well within
the realm of perturbative QCD, enabling accurate predictions. Very fine binning in the x–Q2 plane with
permille-level statistical uncertainties will enable the combined determination of the PDFs and of SM
parameters such as the CKM elements. Multi-differential measurements will be possible to access the
3D structure of the proton in terms of non-perturbative quantities such as transverse-momentum depen-
dent PDFs or generalised PDFs. The large statistics can be positively compared with the predicted event
yields at the Electron-Ion Collider (EIC) [258]. DIS measurements at a dedicated (but fully parasitical)
far-forward neutrino detector at the muon collider would provide a charged-current analogue of the EIC
for nuclear physics.
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MuC neutrinos
16

The muon beam offers excellent precision and discovery potential, but there is more …

Via muon decay, we have access to collimated, high energy, neutrino beams. 

The neutrino beam can interact with a forward target via DIS and enable high precision 
measurements. 

9907.033

Exploring the energy frontier with muon beams - 2025 | GGI, Florence
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Figure 18.1.2: Reduction of PDF uncertainties thanks to neutrino DIS measurements carried out at
a far-forward neutrino detector installed in the Muon Collider facility. We compare the current PDF
baseline, PDF4LHC21 [530], with projections for MuC neutrino structure functions which consider
only statistical uncertainties and which account for both for inclusive and charm-production data. We
show results for the up and down valence quark, strangeness, and gluon PDFs at Q2

= 500 GeV2 where
the event rate peaks, see Figure 18.1.1

tector performances, but also on the method employed for the PDF determination. In particular, an
approach based on the measurement of the neutrino structure functions—like the one of Ref. [532]—is
strongly sensitive to the experimental resolution in the measurement of the final state particles momenta
and probably not suited. New methodologies for the direct extraction of the PDF from data should be
developed, as part of the future work on the design of neutrino experiments at the muon collider facility.
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we show below event rates are so large even for this very compact detector that the limiting factor in the
analysis will be theoretical and experimental systematic uncertainties.

The energy spectrum of the neutrinos reaching this far forward detector can be computed analytically
with high precision, leading to an extraordinarily well characterised neutrino beam. The neutrinos are
also extraordinarily energetic, as they emerge from 5 TeV muon decays. By interacting with the nuclei,
the neutrinos produce DIS events with a scale Q2 that is peaked at around Q2

= 500 GeV2 and large
x → 0.3. This region is well inside the realm of applicability of perturbative QCD enabling precise
theoretical calculations. Very large event rates are expected as shown in Figure 18.1.1, covering the
range 10

→3
↑ x ↑ 1 and reaching up to Q2

→ m2
Z .

Figure 18.1.1: Predicted binned event yields for muon-neutrino DIS at a
↓

s = 10 TeV muon collider
as a function of x and Q2. The event rates displayed assume a 10 kg neutrino target exposed to the MuC
neutrino beam for one year, and are integrated over the neutrino energy range. The event rate is maximal
at Q2

= 500 GeV2 and x → 0.3.

The enormous statistical potential for the reduction of PDF uncertainties in comparison with current
knowledge is displayed in Figure 18.1.2. The results are obtained with the procedure employed in
Ref. [532] to quantify the (vastly inferior) potential of forward experiments exploiting the neutrinos
produced at the LHC. As in [532], the neutrino structure functions are simulated in NNLO QCD using
YADISM [533] interfaced to PINEAPPL [534].

The results of Figure 18.1.2 highlight the unprecedented potential of a muon collider to operate as
the ultimate experiment to constrain proton structure, surpassing any present or planned PDF-sensitive
experiment. The very large event rates leads to PDF statistical uncertainties below the permille level for
all flavour combinations, including the gluon, and in the complete range of x. Uncertainties associated
with the knowledge of the neutrino fluxes are expected to have a minor impact on the results, because
the composition of the neutrino beam can be very accurately simulated.

Limiting factors that control the attainable sensitivity are probably missing higher orders and non-
perturbative corrections, and/or experimental systematic uncertainties that depend strongly on the de-
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The enormous statistical potential for the reduction of PDF uncertainties in comparison with current
knowledge is displayed in Figure 18.1.2. The results are obtained with the procedure employed in
Ref. [532] to quantify the (vastly inferior) potential of forward experiments exploiting the neutrinos
produced at the LHC. As in [532], the neutrino structure functions are simulated in NNLO QCD using
YADISM [533] interfaced to PINEAPPL [534].

The results of Figure 18.1.2 highlight the unprecedented potential of a muon collider to operate as
the ultimate experiment to constrain proton structure, surpassing any present or planned PDF-sensitive
experiment. The very large event rates leads to PDF statistical uncertainties below the permille level for
all flavour combinations, including the gluon, and in the complete range of x. Uncertainties associated
with the knowledge of the neutrino fluxes are expected to have a minor impact on the results, because
the composition of the neutrino beam can be very accurately simulated.

Limiting factors that control the attainable sensitivity are probably missing higher orders and non-
perturbative corrections, and/or experimental systematic uncertainties that depend strongly on the de-
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Constraints on CKM elements (profiled over the nuisance and other elements):

We see a good improvement in precision (even in the presence of systematics).
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124Xe QLL
y =Qβ

y, bounded between 0.65 and 0.87.
Parameters characterizing 222Rn and 220Rn daughter back-
grounds, tritium, and 14C are independent in the high- and
low-mixing state exposures. The sixth sample in the like-
lihood represents WS2022, containing the data and models
from the first, 60 live-day WIMP search result [8]. The full
WS2024 dataset is shown in the top panel of Fig. 3. All six
samples can be seen in Fig. S1 of Supplemental
Material [22], where we also report their exposures.
The best-fit number of WIMPs at all masses tested

(between 9 GeV=c2 and 100 TeV=c2) for the combined
WS2024þWS2022 analysis is zero. The goodness of fit of
the background-onlymodel is assessed in binned one-dimen-
sional (1D) projections of the data and model into S1c,
log10ðS2cÞ, reconstructed energy, distance from the ER band
median, as well as the 2D space of fS1c; log10ðS2cÞg. All
samples show excellent model-data agreement, passing a
Holm-Bonferroni test [31] with a significance level of 0.05.
Figure 4 shows the WS2024 data and model in the 1D
projection along the ER bandmedian, illustrating the level of
agreement through the tails of the distribution with the
inclusion of the modified 124Xe response. The fitted values
of the radon tagging efficiency and the 124Xe QLL

y =Qβ
y are

consistent across all masses, at 62$ 3% and 0.70$ 0.04,
respectively, in agreement with the prefit expectations.

Figure 5 shows the 90% confidence level (CL) upper
limit on the spin-independent WIMP-nucleon cross sec-
tion as a function of mass following inference performed
with a two-sided, unbinned profile likelihood ratio test
statistic [32]. The limit is power constrained at all WIMP
masses to 1σ below the median expectation following the
recommendation in Ref. [33]. The fluctuation, and there-
fore the size of the constraint, is largest between 20 and
50 GeV=c2. This is a consequence of the inclusion of the
WS2022 data from Ref. [8], which exhibit an underfluc-
tuation in this region. The limit for the WS2024 data alone
can be found in Supplemental Material [22], with an
approximate −1σ fluctuation across the entire mass range,
primarily attributed to an underfluctuation of the acciden-
tal coincidence background in the region of largest over-
lap with expected WIMP distributions. The minimum of
the limit curve is 2.2 × 10−48 cm2 at 40 GeV=c2 while that
of the median expected limit is 5.1 × 10−48 cm2 at
40 GeV=c2. The best median 3σ observation potential is
1.1 × 10−47 cm2 at 40 GeV=c2. Results of searching for
evidence of spin-dependent WIMP-nucleon couplings are
discussed in the Appendix.
In summary, LZ has achieved limits on SI WIMP-

nucleon interactions that surpass previous best exclusions
by a factor of four or more for WIMP masses > 9 GeV=c2.
A radon tag to target the dominant ER background from
214Pb decays has been demonstrated, with potential for
optimization that will allow it to have greater impact on the
sensitivities of future searches, particularly for physics with
potential ER signals. The enhanced electron-ion recombi-
nation of 124Xe LL-shell DEC events was noted for the first
time and will be further investigated in future analyses. The
experiment continues to take salted data toward a target
1000-day live time that will enable more sensitive searches
for WIMP interactions and other new phenomena.
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FIG. 5. Upper limits (90% CL) on the spin-independent WIMP-
nucleon cross section as a function of WIMP mass from the
combined WS2024þWS2022 analysis (280.0 live days) are
shown with a solid black line, with a −1σ power constraint
applied. The gray dot-dashed line shows the limits without the
power constraint; green and yellow regions show the range of
expected upper limits from 68% and 95% of background-only
experiments, while the dashed black line indicates the median
expectation, obtained with postfit background estimates. The
median 3σ observation potential from the postfit model is shown
as a dotted black line. Also shown are limits from WS2022 only
[8], PandaX-4T [10], LUX [34], all power constrained to −1σ;
XENONnT [9], reinterpreted with a −1σ power constraint;
XENON1T [35], and DEAP-3600 [36].
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• Simple but well-motivated model.
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Chapter 20

Dark matter and dark sectors

Dark matter (DM) stands as the most concrete experimental evidence for physics beyond the Standard
Model, and its identity remains one of the greatest mysteries in modern science. Among the myriad of
potential explanations, WIMPs (Weakly Interacting Massive Particles) are leading candidates to account
for the enigmatic mass that permeates and influences the universe. Muon colliders operating at multi-
TeV energies present promising opportunities to investigate TeV-scale WIMP dark matter candidates.
Furthermore, dark matter may belong to a more complex dark sector characterized by rich dynamics and
weak couplings to the Standard Model. These couplings, often referred to as portals, offer intriguing
avenues for exploration. Muon colliders not only hold potential for uncovering WIMPs but also provide
a promising arena to investigate these portals and search for particles within the dark sector, thereby
enriching our understanding of the fundamental components of the universe.
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Figure 20.0.1: 2ω exclusion of fermion DM masses from different search channels. Horizontal bars
for individual search channels and muon collider energies by the different colors. The vertical bars
indicate the thermal mass targets. The reach in the mono-photon channel is taken from Ref. [80], and
the results of mono-W is taken from Ref. [13]. The reaches for the disappearing track are extrapolated
from Ref. [82], and the sensitivity using soft tracks are studied for 3 TeV muon collider in Ref. [93].

20.1 Minimal Dark Matter
Thermally produced WIMP is a promising candidates. Despite advances of decades of searches, some
of the simplest and most compelling WIMP candidates is still far beyond the current reach. This in-
cludes the famous Higgsino (Dirac doublet) and wino (Majorana triplet) in SUSY [555]. This can be
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Chapter 20

Dark matter and dark sectors

Dark matter (DM) stands as the most concrete experimental evidence for physics beyond the Standard
Model, and its identity remains one of the greatest mysteries in modern science. Among the myriad of
potential explanations, WIMPs (Weakly Interacting Massive Particles) are leading candidates to account
for the enigmatic mass that permeates and influences the universe. Muon colliders operating at multi-
TeV energies present promising opportunities to investigate TeV-scale WIMP dark matter candidates.
Furthermore, dark matter may belong to a more complex dark sector characterized by rich dynamics and
weak couplings to the Standard Model. These couplings, often referred to as portals, offer intriguing
avenues for exploration. Muon colliders not only hold potential for uncovering WIMPs but also provide
a promising arena to investigate these portals and search for particles within the dark sector, thereby
enriching our understanding of the fundamental components of the universe.
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p
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Figure 20.0.1: 2ω exclusion of fermion DM masses from different search channels. Horizontal bars
for individual search channels and muon collider energies by the different colors. The vertical bars
indicate the thermal mass targets. The reach in the mono-photon channel is taken from Ref. [80], and
the results of mono-W is taken from Ref. [13]. The reaches for the disappearing track are extrapolated
from Ref. [82], and the sensitivity using soft tracks are studied for 3 TeV muon collider in Ref. [93].

20.1 Minimal Dark Matter
Thermally produced WIMP is a promising candidates. Despite advances of decades of searches, some
of the simplest and most compelling WIMP candidates is still far beyond the current reach. This in-
cludes the famous Higgsino (Dirac doublet) and wino (Majorana triplet) in SUSY [555]. This can be
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Minimal Dark Matter models feature one neutral particle that serves as a thermal relic dark matter
candidate, as well as quasi-degenerate charged states with TeV masses. When the charged states are
produced at colliders, they can decay into dark matter and a low-momentum (soft) charged particle,
which is challenging to reconstruct at hadron colliders. We demonstrate that a 3 TeV Muon Collider
is capable of detecting these soft tracks, enabling the discovery of thermal Higgsinos and similar
dark matter candidates which constitute highly motivated scenarios for future collider searches.

Introduction - The discovery of the Higgs boson and
the multiple measurements confirming the predictions of
the Standard Model (SM) validate the successful ongoing
program at the Large Hadron Collider (LHC). A next
step at the precision frontier is to measure the Higgs
properties to disentangle the microscopic nature of the
electroweak symmetry-breaking mechanism. On another
front, the current lack of new particles around the TeV
scale motivates the need for a new boost at the energy
frontier. Muon colliders (MuC) are strong candidates for
explorations at the 10 TeV parton center-of-momentum
(CoM) energies. The physics program of future MuC
promises both high-precision Higgs and SM measure-
ments [1–15] as well as direct production of new particles
with masses well above LHC reach [16–44].

Weakly Interacting Massive Particles (WIMPs) are
well-motivated dark matter (DM) candidates that nat-
urally appear in many extensions of the SM. Seeking
these particles is one of the pillars for physics beyond the
Standard Model (BSM) at colliders. In typical WIMP
models, the DM candidate is usually accompanied by
other states that can leave distinctive imprints at col-
liders. Such is the case of Minimal Dark Matter (MDM)
models, where a single electroweak multiplet is added to
the SM [45]. Depending on their quantum numbers, the
thermal mass (mass value to explain the observed relic
abundance, !DMh2 = 0.1198 [46]) of the MDM multi-
plets falls in the range of 1-200 TeV [47, 48].

The pure singlet case is phenomenologically ruled
out [49]; hence, the new multiplet should be at least a
weak doublet. This, in turn, means that the dark sec-
tor must include at least one electrically charged parti-
cle ω± quasi-degenerate with the dark matter candidate
ω0, with mass splittings ” ↭ GeV [50]. We note that
the well-studied Higgsino and Wino cases from Minimal
Supersymmetric Standard Model correspond to the Ma-
jorana fermion doublet and triplet, respectively. Fur-

→ rcapdevi@fnal.gov
† federico.meloni@desy.de
‡ jzurita@ific.uv.es

FIG. 1. Soft tracks are originated when a heavy particle de-
cays into an almost mass-degenerate dark matter particle ω0

and a charged particle p+, which can be reconstructed as a
pT ↭ 1 GeV track.

thermore, large multiplet MDM models accounting for
only a fraction (1 → 10%) of the relic abundance also
have TeV scale masses and are a well-motivated target.
Other quasi-degenerate WIMP scenarios include slepton-
like particles, extended scalar sectors, and heavy neutral
leptons [51–55].
The decay process ω± ↑ ω0p±, where p± denotes a low

transverse momentum or soft charged particle (Fig. 1)
serves as the primary signature of MDM models. Phe-
nomenological investigations aimed at discovering these
models involve the use of monojet [56–58] or soft-lepton
searches suitable for ” ↫ GeV [59, 60], and disappear-
ing tracks (DT) targeting ” ↭ GeV [61–66] and have
sparked an extensive search program at the LHC [67–81].
Prospects for direct searches for MDM at future colliders
have been investigated at FCC-hh [82, 83], CLIC [84],
and the MuC [47, 48, 85–89]. Although most of these
searches primarily target DT of the charged parent ω±,
proposals have also been made to search for the soft
charged particle p± at electron-proton colliders [90] (as
well as the LHC [91, 92]). Furthermore, indirect searches
at MuC [93, 94] provide a complementary probe.

Proposed searches for MDM models suggest that both
a 100 TeV proton machine, such as the FCC-hh, and a
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Figure 19.3.1: The 95% C.L. sensitivity to Higgs-mixed scalar singlets at muon colliders [8], compared
to HL-LHC and other future colliders [201].

19.3 Extensions of the minimal real scalar sector
New physics particles may interact with the Standard Model (SM) through Higgs portal couplings rather
than gauge interactions. In many beyond-SM (BSM) scenarios—including dark matter and baryogenesis
models—the Higgs field mediates interactions between SM particles and new states via Vector Boson
Fusion (VBF). Muon colliders excel at probing such scenarios due to their intense effective vector boson
luminosity.

Figure 19.3.1 illustrates this capability for a benchmark model [7, 8] featuring a real scalar singlet
coupled via the Higgs portal. The interaction strength is parameterized by sin ω, quantifying mixing
with the Higgs. Extensions with charged Higgs bosons (e.g., two-Higgs-doublet models) offer additional
detection channels [19, 163], but even the minimal singlet scenario demonstrates unique muon collider
advantages.

The singlet-Higgs mixing reduces all Higgs couplings by cos ω → 1 ↑
1
2 sin

2 ω, analogous to SMEFT
operator effects. Muon colliders achieve sensitivity through:

– Indirect probes (dashed lines in Figure 19.3.1)
Precision Higgs coupling measurements at 10 TeV MuC match e+e→ Higgs factories, while 3
TeV MuC improves HL-LHC limits by ↓ 3↔.

– Direct production: (solid lines in Figure 19.3.1)
VBF processes (V V ↗ S) exploit muon colliders’ vector boson luminosity. Dominant S ↗

hh ↗ 4b decays provide optimal sensitivity [8].

The combination of indirect and direct probes at the muon collider covers more space in the plane of
Figure 19.3.1 than any other future collider project. In the plane, particular attention should be given
to the regions around the two dashed grey lines that correspond to theoretically plausible parametric
relations between the mixing angle and the mass. The superiority of the muon collider along these lines
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Higgs couples directly to the SM fields, to the mass basis

h = h0 cos � + S sin �, � = S cos � � h0 sin �, (3)

where h is the SM-like Higgs with mass mh = 125 GeV, and � is the singlet-like state with mass m�.
We now highlight the main phenomenological consequences of the Lagrangian in Eq. (2), discussing

both deviations in the SM-like Higgs couplings, and single and double production of the new scalar �.
For definiteness, in this paper we only consider the mass ordering m� > mh.

SM-like Higgs boson. The main deviation in the Higgs couplings to vectors and fermions is gener-
ated at tree-level by the mixing �: the Higgs signal strengths µh are universally rescaled as

µh = µSM
h

cos2 � . (4)

When aHS and �HS are both non-vanishing, the above deviations are uncorrelated from those in the
trilinear Higgs coupling, that can in principle be larger. Under favourable circumstances, the HL-LHC
could even observe deviations in double Higgs production without observing any in the Higgs couplings
to SM fields, see e.g. Ref. [32].

An accurate description of the Higgs sector in our setup can also be achieved by integrating out
the singlet field and computing the Wilson coe�cients of the dimension-6 operators
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where v = 246 GeV and gSM
hhh

= 3m2
h
/2v (see also Ref. [33] for a related discussion at lepton colliders).

In the singlet model, the tree level and one-loop contributions to these operators read
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Notice that we assume negligible cubic terms for the singlet to compute the first contribution to c6 (see
Ref. [34, 35]). This shows the importance of sin2 � in the low-energy phenomenology of the Higgs, and
the possible interplay between a small mixing and a large portal coupling �HS to get visible e↵ects in
the triple Higgs coupling.

Singlet-like � boson. The phenomenology of � depends largely on the presence of a non-vanishing
mixing angle (i.e. of a breaking of the Z2 symmetry), given that in this case it can be singly produced,
and it can decay to SM particles. Single production cross-sections and SM decay rates for the singlet-like
state � are proportional to sin2 �, and read

�� = sin2 � · �h(m�), (8)

BR
�!ff̄ ,V V

= BR
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(1� BR�!hh), (9)
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simple event counting and no systematic error included. The reach scales like
p

L and a

more thorough estimation of the muon collider reach with detailed collide simulations and

systematic errors is left for future work.
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FIG. 8. 95% C.L. exclusion contour at muon collider with center of mass energy
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Ref. [5]).
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FIG. 2. Representative Feynman diagram for the EW scalar pair production in µ
+
µ
� annihilation

µ
+
µ
� ! �1�2.

FIG. 3. Cross sections versus the c.m. energy
p

s. For the left panel: µ
+
µ
� ! H

+
H

� (red), and

HA (green) through µ
+
µ
� annihilation; and for the right panel: in addition, H

±
H/H

±
A (blue),

HH/AA (purple), through VBF in the alignment limit cos(� � ↵) = 0. Solid, dashed and dotted

lines for degenerate Higgs masses m� = 1 TeV, 2 TeV and 5 TeV, respectively. The vertical axis

on the right shows the corresponding event yields for a 10 ab�1 integrated luminosity.

production channels due to the initial state spectrum.

A. Production cross sections

Once crossing the pair production threshold, the heavy Higgs bosons can be produced in

pair via the µ+µ� annihilation

µ+µ� ! �⇤, Z⇤ ! H+H�, µ+µ� ! Z⇤ ! HA. (8)

The Feynman diagrams of the leading contributions are shown in Fig. 2. In the alignment

limit of cos(� � ↵) = 0, the production is fully governed by the EW gauge interactions,
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Figure 19.6.1: The 95% C.L. sensitivity to muon-flavored HNL at muon colliders [16], compared
to HL-LHC [548–550] and and proposed future colliders (LHeC and FCC-he [551], FCC-hh [550,
552],ILC [553, 554]).

Other BSM models that can induce LFV, such as heavy neutral leptons and leptoquarks, have also been
studied [57, 73], demonstrating high sensitivity. These results underscore muon colliders’ dual role:
discovering superpartners and precisely mapping their flavour structure, bridging the gap between low-
energy indirect probes and high-scale SUSY breaking dynamics.

19.6 Direct Searches on Heavy Neutral Lepton
Heavy neutral leptons (HNL) can arise from various UV models. One of the primary motivations for
introducing HNLs is to address the neutrino mass problem. Several BSM frameworks, such as seesaw
models, propose HNLs as a natural solution to explain the smallness of neutrino masses.

High energy muon collider has the unique capability to fully reconstruct TeV-scale HNL resonance and
measure its mixing angle with SM sector [15–17]. Especially, the muon-flavored HNL production at
muon collider has a remarkable t-channel diagram. Such low-order diagram (no s-channel suppression)
enhances the total production rate by O(10

4
) compared to electron-flavored HNL production. Never-

theless, the VBF production and its low QCD background also make electron-flavored HNL probing
sensitivity comparable with FCC-hh. As shown in Figure 19.6.1, either 3 TeV MuC or 10 TeV MuC
has a world-leading sensitivity on probing TeV muon-flavored HNL among all current and future experi-
ments. Furthermore, the ability to precisely reconstruct displaced vertices allows for excellent sensitivity
to long-lived HNLs across a broad parameter space [26, 53], which can be motivated by several dark
sector extensions.

Overall, the muon collider provides an excellent environment for probing HNLs due to its high center-
of-mass energy, clean experimental conditions, and unique production mechanisms. Compared to other
future facilities, high energy muon collider stands out in its capability to explore both promptly decaying
and long-lived HNL scenarios at the TeV scale, making it a powerful tool for unveiling the nature of
heavy neutrinos and their role in neutrino mass generation.

It is also informative to note that the muon collider has special neutrino opportunities at the main detector
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Heavy Neutral Lepton
• HNL is ubiquitous in BSM models that address neutrino masses.

Figure 1. The Feynman diagrams for µ+µ� ! N` + ⌫̄`. The left panel is for Nµ and the right panel
is for Ne/⌧ .
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Figure 2. The cross section of the 2-to-2 process µ+µ� ! N` + ⌫̄` as a function of mN for ` = µ and
e respectively. The blue curve refers to

p
s = 3 TeV and the red curve is for

p
s = 10 TeV.

As the muon collider center of mass energy increases, the contribution from the VBF
process can dominate over the s-channel process. The next section will show that, at

p
s = 3

TeV, the cross-section of the VBF process is sub-dominant with a comparable size. Whilep
s reaches up to 10 TeV, the VBF process primarily contributes to the total signal rate for

e-flavored HNL.
We used both analytical calculation, convolution with EW PDF, and event generator to

study and cross-check the signal rates. We simulate the whole process using MadGraph5_aMC@NLO [109,
110] to generate the signal events. The Universal FeynRules Output (UFO) [111] models
HeavyN [73, 74, 112] generated by FeynRules [111, 113] is employed. The charged current
decay of HNL is the focus of this study due to enhanced observability through the charged
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Figure 9. The 95% projected sensitivity of |Uµ|2, |Ue|2 and |U⌧ |2 as a function of HNL mass mN at
3 and 10 TeV muon collider.

Figure 10. The 95% exclusion limits on the |Uµ|2-mN plane at different experimental facilities
including LHC [57, 76, 117] and proposed future colliders (LHeC and FCC-he [118], FCC-hh [76,
119],ILC [53, 89]).

a back-in-the-envelope estimation, and certainly, a full study is in high demand.
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Figure 2.2.4: Left: Future colliders 95% CL exclusion sensitivity to a minimal Z → [210]. In the case of
muon colliders, the 5ω discovery reach is also shown by dashed lines. Right: The sensitivity to Higgs
compositeness.

specific model. The sensitivity of CLIC, FCC-ee, and FCC-hh (from Ref. [201]) is also reported in the
figure for comparison. The design and construction of a muon collider appears as the only option to
probe this scenario at the 100 TeV scale.

The right panel of Figure 2.2.4 quantifies the sensitivity of the 10 TeV MuC to Higgs compositeness.
The scenario under consideration is that of a pseudo-Nambu-Goldstone Boson (pNGB) composite Higgs
(see [211] for a review), which is the only known possibility to explain—at the price of a moderate fine-
tuning on a single parameter—the agreement between current measurements of the Higgs couplings and
SM predictions. The experimental manifestations of a composite pNGB Higgs can be robustly modelled
in terms two parameters m↑ and g↑ [212], which correspond respectively to the Higgs compositeness
scale—i.e., to the inverse of the Higgs particle radius—and to the coupling of the new strong sector that
delivers the Higgs as a bound state. This theoretical setup was extensively employed for the comparison
of future collider projects in preparation for the 2020 European Strategy Update [201, 206].

The muon collider sensitivity to Higgs compositeness emerges from 3 different classes of measurements,
whose combined sensitivity is shown in Figure 2.2.4 in the (m↑, g↑) plane. Higgs coupling modifications
are mostly relevant when g↑ is large and they dominate the m↑ reach for g↑ above around 9. Searches
for new effects in the 10 TeV di-fermion production cross section due to the modification of the EW
gauge interactions induced by the new strong sector are relevant only when g↑ is small, explaining the
enhanced sensitivity when g↑ → 1. Measurements in di-boson and boson-plus Higgs final states—again
performed at 10 TeV exploiting “Precision from Energy”—are instead equally relevant for any value
of g↑, because they probe new interactions of the Higgs doublet with the vector bosons that are directly
related to the finite radius of the Higgs. The magnitude of these new interactions thus depends only on the
compositeness scale m↑ and not on the coupling g↑. Such direct manifestations of Higgs compositeness
dominate the muon collider sensitivity and they allow the discovery of Higgs compositeness up to around
35 TeV (or exclusion up to around 50 TeV even for the most unfavourable value of g↑). The comparison
with other future collider projects (from [201, 206]) displays the competitive advantage of the muon
collider for the study of Higgs compositeness.

Beyond explicit models, the power of the “Precision from Energy” arrow can be also illustrated by
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• 10 TeV MuC can probe new physics well beyond 10 TeV!
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• BSM reach at muon colliders

• For high energy muon colliders, 

• At dimension-6, BSM amplitudes can have scaling

• SMEFT is a useful framework to study indirect effects of BSM 
physics
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2-to-2 Processes
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O2B?

Oωω = (ωLϵ
µωL)(ωLϵµωL) , (26)

Oωe = (ωLϵ
µωL)(eRϵµeR) , (27)

Oee = (eRϵ
µeR)(eRϵµeR) , (28)

O
(1)
ωq = (ωLϵ

µωL)(qLϵµqL) , (29)

O
(3)
ωq = (ωLϵ

µϑIωL)(qLϵµϑ
I qL) , (30)

Oωu = (ωLϵ
µωL)(uRϵµuR) , (31)

Oωd = (ωLϵ
µωL)(dRϵµdR) , (32)

Oqe = (qLϵ
µqL)(eRϵµeR) , (33)

Oeu = (eRϵ
µeR)(uRϵµuR) , (34)

Oed = (eRϵ
µeR)(dϵµdR) , (35)

Oωedq = (ωLeR)(dRqL) , (36)

O
(1)
ωequ = (ωLeR)ϖ(qLuR) , (37)

O
(3)
ωequ = (ωLϑ

µϱeR)ϖ(qLϑµϱuR) . (38)

[DM: The operators Oωedq, and O
(1,3)
ωequ have no interference, so I think they are not considered

in this study, correct?]
For the processes involving hard annihilation of muons into two bosons in Section 3.3 we

consider Full list please

OB = (39)

OW = (40)

[RF: Flavor tagging info Appendix B]

3 Muon annihilation processes µ+µ→ ↑ X X WIP

[RF: Analytic for 2↑ 2, only energy-growing BSM.]
SOME OF THIS WAS COPIED TO THE FLAVOR PAPER
In this section, we study the hard production of difermion Equation (1) and diboson Equa-

tion (2). These processes have a very high momentum transferred compared to all the scales
involved in the scattering, especially Ecm↓ ↔h↗, thus all the SM particles are effectively nearly
massless. For gauge bosons, this implies that the emission of such gauge bosons from any
fermionic or bosonic leg is particularly enhanced, as there is no phase-space suppression in
any splitting f ↑ f Z or f ↑ f ↘W mediated by the weak interactions. Thus, on top of the
usual emission of QED and QCD radiation, which requires proper treatment depending on
the observable under study, here we will deal with diboson and difermion production, adding
suitable corrections to the leading order processes.

In particular, the emission of real or virtual soft and collinear electroweak bosons will lead
to large corrections proportional to Sudakov Double Logarithms (DL) of the form

g2

16ς2
log

!
E2

CM

mW

"
. (41)
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glet(short), etc.]

OHq = i
!

H†→DµH
"
(q̄Lω

µqL) , (10)

O
↑
Hq = i
!

H†ϵa→DµH
"
(q̄Lϵ

aωµqL) , (11)

OHu = i
!

H†→DµH
"
(ūRω

µuR) , (12)

OHd = i
!

H†→DµH
"#

d̄Rω
µdR
$

, (13)

OHϑ = i
!

H†→DµH
"#
ϑ̄Lω

µϑL
$

, (14)

O
↑
Hϑ = i
!

H†ϵa→DµH
"#
ϑ̄Lϵ

aωµϑL
$

, (15)

OHe = i
!

H†→DµH
"
(ēRω

µeR) . (16)

(H or ϖ?)
In addition, upon insertions of dimensionful constants such as the Higgs boson VEV ↓h↔,

SMEFT interactions can also lead to linearly growing energy dependent rates. This is the case
for the interaction [RF: Should it be O33

uH? ]

Oyt
=
#
H†H
$ #

Q̄L H̃ tR
$

, (17)

where H̃ is iϵ2H† , which gives rise to a shift in the Yukawa coupling of the top quark

yt ↗ y ↑t = yt ↘
C33

uH v3

≃
2mt

, (18)

and results in linear growth of the interference eq. (9), that is ASM EF T ⇐ q · ↓h↔/M2 for pro-
cesses involving top quark such as eqs. (3)-(5) specialized for f = t.

The di-Higgs production discussed in Section 4.2 receives contributions from the following
dimension-6 SMEFT operators:

OH =
#
H†H
$3

, (19)

OH! =
#
H†H
$
!
#
H†H
$

, (20)

OHD =
#
DµH†H
$ #

H†DµH
$

, (21)

OHW =
#
H†H
$ %

WµϱiW i
µϱ

&
, (22)

OHB =
#
H†H
$ #

BµϱBµϱ
$

, (23)

OHW B =
#
H†ϵiH
$ #

WµϱiBµϱ
$

. (24)

[RF: We do not consider the CP-odd combinations with F F̃ combinations.] For the vector
boson scattering into gauge bosons studied in Section 4.4 we consider as well the following
operator Add operators please :

O3W = ςabcW
a ϕ
µ W b ϱ

ϕ W c µ
ϱ . (25)

[RF: Motivate why diboson is not used to test O3W .] For the processes involving hard an-
nihilation of muons into two fermions in Section 3.2 we consider Don’t we consider O2W and
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SMEFT interactions can also lead to linearly growing energy dependent rates. This is the case
for the interaction [RF: Should it be O33

uH? ]

Oyt
=
#
H†H
$ #

Q̄L H̃ tR
$

, (17)

where H̃ is iϵ2H† , which gives rise to a shift in the Yukawa coupling of the top quark

yt ↗ y ↑t = yt ↘
C33

uH v3

≃
2mt

, (18)

and results in linear growth of the interference eq. (9), that is ASM EF T ⇐ q · ↓h↔/M2 for pro-
cesses involving top quark such as eqs. (3)-(5) specialized for f = t.

The di-Higgs production discussed in Section 4.2 receives contributions from the following
dimension-6 SMEFT operators:

OH =
#
H†H
$3

, (19)

OH! =
#
H†H
$
!
#
H†H
$

, (20)

OHD =
#
DµH†H
$ #

H†DµH
$

, (21)

OHW =
#
H†H
$ %

WµϱiW i
µϱ

&
, (22)

OHB =
#
H†H
$ #

BµϱBµϱ
$

, (23)

OHW B =
#
H†ϵiH
$ #

WµϱiBµϱ
$

. (24)

[RF: We do not consider the CP-odd combinations with F F̃ combinations.] For the vector
boson scattering into gauge bosons studied in Section 4.4 we consider as well the following
operator Add operators please :

O3W = ςabcW
a ϕ
µ W b ϱ

ϕ W c µ
ϱ . (25)

[RF: Motivate why diboson is not used to test O3W .] For the processes involving hard an-
nihilation of muons into two fermions in Section 3.2 we consider Don’t we consider O2W and

4
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Figure 3: 68% CL reach on EFT from a global fit at the 10 TeV muon collider. Add
Cω f from VBF in difermion
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The relevant interaction Lagrangian is:
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"
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Also see Glioti’s talk for details
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Figure 17.1.1: Sensitivity reach at 95%CL to the EFT scale ! for flavour-violating contact interactions
involving left-handed fermions, comparing low-energy rare or forbidden decays with 3 and 10 TeV
muon collider with 2ab→1 and 10ab→1 of integrated luminosity, respectively.

CKM elements determination

Beyond energy-frontier measurements, a muon collider also offers other innovative opportunities for
flavour physics, specifically for the determination of the Cabibbo–Kobayashi–Maskawa (CKM) matrix
elements with better precision and different methodology than the current available measurements. In
fact, two completely different CKM measurements could be performed at a muon collider: one from
studying the decays of the W boson and one from Deep Inelastic Scattering (DIS) measurements that
exploit the neutrino beam—see Section 2.4—at a dedicated fixed-target experiment. No firm projections
of the attainable sensitivity are currently available. However, preliminary estimates are presented in
Section 17.4 based on ongoing work.

17.2 Description of the analysis
We consider neutral-current µ→µ+

→ qiq̄j and µ→µ+
→ ω→i ω+j di-fermion production, where qi and

ωi are any flavour of quarks and leptons (including the ε ). In case of qq̄ final states we employ charm
and bottom tagging, as well as the tagging of boosted top quarks, to divide exclusive di-quark events
into different tagging categories: bb, bj, cc, cj, jj, tt, tc, and tj, where j represents a light jet (a jet not
tagged as neither b, c, or t). These taggers are parametrised as constant efficiencies and mistag rates.
For all qq̄ channels we consider the measurement of the total cross section in the detector acceptance
region ϑ ↑ [10

↑, 170
↑
]. For the µ→µ+ final state we bin in the muon rapidity ϖµ ↑ [↓2, 2]—with bins

of ”ϖµ = 0.5—in order to deal better with the forward elastic peak of the cross section. For all other
ω→i ω+j final states we separate the forward and backward regions to gain additional discriminating power
on different chiral structures of new physics interactions. We assume 10 ab→1 of integrated luminosity
for the 10 TeV muon collider.

We consider exclusive cross section measurements, namely that a veto is applied to exclude the presence
of massive vector bosons or relatively hard photons and gluons. In this case, the cross section for the
production of the two energetic fermions can be computed at the leading order in the logarithm expansion
by applying simple Sudakov double-logarithmic corrections as described in Ref. [191]. With respect to

321
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FIG. 8: Representative Feynman diagrams induced by Ch

5 and C2h
5 for the scattering

µ+µ→
→ hhωµωµ.

Figs. 9 and 10, we show the impact of such contact interaction to Ch

5 and C2h
5 when using

the EWA. Once the contribution from the contact interactions is added to the EWA results,

a much better agreement is achieved for energy regimes away from the threshold. One also

notices that the first term has the same structure as C0 and to be more explicit, by neglecting

the second contact term, the coupling Ch

5 corresponds to the following identification:

Ch

0 = Ch

5 , C2h
0 = 4Ch

5 (58)

and the coupling C2h
5 corresponds to:

C2h
0 = 2C2h

5 (59)

This further explains the behaviors of the C0, C5 combinations in Table II.

Next we consider the case of C6. We expect that the discrepancy comes from terms

neglected in EWA. To see this, it is worth recalling the generalized EWA (gEWA) formula

introduced in Ref. [60], which states that the full amplitude of the µ+µ→
→ hhωµω̄µ can be

approximately written as the sum of three on-shell sub-amplitudes:

AgEWA =
4C1C2

V 2
1 V 2

2
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p̃→h1
↑ q̃h2

↑ g→h1(x1)gh2(x2)Aon→shell(W
+
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(εk1)W
→
h2

(εk2) → hh) , (60)

where εk1,2 are the three momenta of the W±:

εk1 = (↑εp↑, x1E), εk2 = (↑εq↑, ↑x2E) , (61)

where εp↑ and εq↑ are the transverse momenta of the outgoing neutrinos with respect to

the incoming beam. The splitting g-functions are given in Eq. (46) of Ref. [60], which are
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the incoming beam. The splitting g-functions are given in Eq. (46) of Ref. [60], which are
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FIG. 8: Representative Feynman diagrams induced by Ch

5 and C2h
5 for the scattering

µ+µ→
→ hhωµωµ.

Figs. 9 and 10, we show the impact of such contact interaction to Ch

5 and C2h
5 when using
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This further explains the behaviors of the C0, C5 combinations in Table II.

Next we consider the case of C6. We expect that the discrepancy comes from terms

neglected in EWA. To see this, it is worth recalling the generalized EWA (gEWA) formula

introduced in Ref. [60], which states that the full amplitude of the µ+µ→
→ hhωµω̄µ can be

approximately written as the sum of three on-shell sub-amplitudes:

AgEWA =
4C1C2

V 2
1 V 2

2

∑

h1h2

p̃→h1
↑ q̃h2

↑ g→h1(x1)gh2(x2)Aon→shell(W
+
h1

(εk1)W
→
h2

(εk2) → hh) , (60)

where εk1,2 are the three momenta of the W±:

εk1 = (↑εp↑, x1E), εk2 = (↑εq↑, ↑x2E) , (61)

where εp↑ and εq↑ are the transverse momenta of the outgoing neutrinos with respect to

the incoming beam. The splitting g-functions are given in Eq. (46) of Ref. [60], which are

25

<latexit sha1_base64="7Bs2IZTqdDBd7WNbFwZHkjZFNZY="></latexit>

W�, Z

<latexit sha1_base64="vnGXopwV3truM7e0pSnvtMMTbWU="></latexit>

W+, Z

SciPost Physics Submission

glet(short), etc.]

OHq = i
!

H†→DµH
"
(q̄Lω

µqL) , (10)

O
↑
Hq = i
!

H†ϵa→DµH
"
(q̄Lϵ

aωµqL) , (11)

OHu = i
!

H†→DµH
"
(ūRω
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In addition, upon insertions of dimensionful constants such as the Higgs boson VEV ↓h↔,

SMEFT interactions can also lead to linearly growing energy dependent rates. This is the case
for the interaction [RF: Should it be O33

uH? ]
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#
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$ #
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where H̃ is iϵ2H† , which gives rise to a shift in the Yukawa coupling of the top quark

yt ↗ y ↑t = yt ↘
C33

uH v3

≃
2mt

, (18)

and results in linear growth of the interference eq. (9), that is ASM EF T ⇐ q · ↓h↔/M2 for pro-
cesses involving top quark such as eqs. (3)-(5) specialized for f = t.

The di-Higgs production discussed in Section 4.2 receives contributions from the following
dimension-6 SMEFT operators:
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#
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[RF: We do not consider the CP-odd combinations with F F̃ combinations.] For the vector
boson scattering into gauge bosons studied in Section 4.4 we consider as well the following
operator Add operators please :

O3W = ςabcW
a ϕ
µ W b ϱ

ϕ W c µ
ϱ . (25)

[RF: Motivate why diboson is not used to test O3W .] For the processes involving hard an-
nihilation of muons into two fermions in Section 3.2 we consider Don’t we consider O2W and
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Figure 16.3.3: 68% CL reach on EFT from a global fit at the 10 TeV muon collider.

top quark compositeness [517] that naturally emerge in the composite Higgs scenario. In the case of
the top quark Yukawa coupling yt instead, the result can be directly read off from the reach on the C33

uω

operator in Figure 16.3.3. At the global level, the reach corresponds to a relative accuracy of around
1.5% to yt, which is dominated by VBF tt̄ measurements consistently with Ref. [138].
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Conclusion
• Muon collider not only probes exciting new physics, it is also an 

technologically exciting project to work on.

• We not only measure SM more precisely, we will see new (SM) 
phenomena.

• Directly probe BSM states up to  (pair) or  (single).

• Indirectly probe BSM effects up to .

s /2 s

𝒪(10 − 100) TeV

ESPPU Muon Collider Report – PHYSICS – May 1, 2025

Figure 2.2.1: Left: Time distribution of the papers on muon colliders (grey) compared with those
(blue) with subject “Phenomenology-HEP” [6]. Right: Pictorial view of the muon colliders exploration
opportunities.

opment of the field was almost entirely driven by the advances in accelerator physics. Physics studies are
instead a major component and a driver of the activity in the last few years, indicating an unprecedented
enthusiasm for muon colliders physics opportunities.

Extensive reviews of this growing literature can be found in Refs. [5, 7] and, most recently, in the IMCC
EPJC Review [1] and the IMCC Interim Report [3]. Major topics of investigation are projections for
the direct discovery of new particles [8–79] including WIMP dark matter [80–96], the measurement of
the Higgs couplings including the trilinear and possibly the quadrilinear coupling, and the sensitivity to
heavy new physics through precision measurements in both an EFT context and concrete new physics
scenarios such as Composite Higgs [97–152]. Several “muon-specific” opportunities that stem from
colliding muons for the first time, in connection with the muon g-2 and with lepton flavour physics, have
been also investigated [153–186]. Growing attention is being devoted to theoretical tools and predictions
for muon collider physics [187–196].

Several workshops and seminars on muon colliders physics were held in the last few years, including a
very successful series of events organised by the “Muon Collider Forum” in the context of the Snowmass
2021 Community Planning Exercise. The activities and the work triggered by the Forum [5] strongly
impacted the Snowmass Energy Frontier outcome [197], which recognised the muon collider’s potential
for the exploration of the energy frontier and advocated R&D investments with the perspective of hosting
a muon collider in the US. The P5 panel report confirmed and strengthened this view [198].

2.2 Muon collider physics highlights
The motivations for exploring short-distance physics are strong, but broad. Therefore, a radical advance
requires an equally broad and comprehensive program of energy frontier exploration that leverages many
diverse strategies of investigation. The many exploration strategies available at a muon collider are
depicted as arrows on the right panel of Figure 2.2.1 and are described in turn throughout the rest of this
section.
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p
s (TeV) 3 6 10 14 30

benchmark lumi (ab�1) 1 4 10 20 90

� (fb): WW ! H 490 700 830 950 1200

ZZ ! H 51 72 89 96 120

WW ! HH 0.80 1.8 3.2 4.3 6.7

ZZ ! HH 0.11 0.24 0.43 0.57 0.91

WW ! ZH 9.5 22 33 42 67

WW ! tt̄H 0.012 0.046 0.090 0.14 0.28

WW ! Z 2200 3100 3600 4200 5200

WW ! ZZ 57 130 200 260 420

TABLE I: SM Higgs boson production cross sections in units of fb at a muon collider for

various energies. For comparison, the SM background processes of Z and ZZ production

are also shown.

which are all dominantly from the VBF processes. We list the production cross sections in

Table I for those Higgs production processes with a few representative benchmark energy

choices. Cross sections are computed using the package MadGraph [35]. Recently it has

been advocated that, in high energy collisions, it may be appropriate to adopt the approach

of electroweak parton distribution functions (EW PDF) [31] to resum the potentially large

collinear logarithms at high scales. For the processes under consideration, the difference is

insignificant since the single Higgs production is set by a low scale mH , while the Higgs pair

production HH is dominated by the longitudinal gauge boson fusion (WLWL), that has no

scale dependence at the leading order.

We will examine the precision measurements of the Higgs boson couplings via the pro-

duction processes as depicted in Figs. 1 and 2. For instance, at a 10 TeV muon collider

with an integrated luminosity of 10 ab�1, we may expect the production of about 107 Higgs

bosons and 3.6 ⇥ 104 Higgs pairs. For comparison, we have also included in Table I the SM

irreducible backgrounds µ
+
µ
� VBF

! Z, ZZ, which are also largely from the VBF mechanism,

in Table I. Although the background rates are larger than the signals by a factor of 4 (55)

for the H (HH) process, they populate different kinematical regions from the signals and

can be reduced by appropriate kinematic cuts.
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HL-LHC FCC-hh MuC-10
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Figure 2.2.2: Left: 95%CL exclusion reach on the mass of several BSM particles at future colliders
[13, 80, 82, 199–201]. Only EW pair production is considered to assess the MuC sensitivity. This
underestimate the reach in models where single-production is possible (see e.g. [47]). For the wino and
the Higgsino, we label as “!DM” the mass required to reproduce the observed dark matter abundance.
Right: exclusion contour [1] for a scalar singlet of mass mS mixed with the Higgs boson with strength
sin ω.

Energy
The high available energy enables a search for new heavy particles, with a reach in mass that strongly
extends that of the LHC. This mass reach owes largely to the fact that the muons are elementary and
their collision energy is entirely available to produce new particles. The protons instead are composite
and their effective energy reach is limited to a fraction of the collider energy by the steep fall-off of the
parton distribution functions. This is the reason why a muon collider with 10 TeV energy can access
heavier particles than the 14 TeV LHC, as illustrated on the left panel of Figure 2.2.2.

The figure shows the projected exclusion reach on the mass of a number of hypothetical particles (la-
belled with a standard BSM notation1) at the muon collider with 10 TeV energy in the centre of mass, at
the HL-LHC, and at the 100 TeV proton-proton future collider FCC-hh [13, 82, 199–201]. At a muon
collider, these particles are produced in pairs by electroweak (EW) interactions and the corresponding
EW production cross sections are determined by the EW and spin quantum numbers of the states. The
cross-sections range from 0.1 to 10 fb at the 10 TeV MuC, for masses almost up to the kinematic thresh-
old of 5 TeV. With the target integrated luminosity of 10 ab→1, enough events (more than 1000) will be
available for discovery up to the threshold provided the particle decays promptly to an easily-detectable
final state. Therefore, all particles considered in the figure with the exception of the wino and the Hig-
gsino (see later) can be discovered up to 5 TeV mass by only exploiting the model-independent process
of EW pair-production. An extended mass-reach is possible if BSM interactions mediate the production
of the new state. For instance, the 10 TeV muon collider reach on top partners is around 9.5 TeV from
single production [47].

The mass reach of the 10 TeV MuC is above the HL-LHC exclusion limit for all of the BSM candidates
considered in Figure 2.2.2. The 10 TeV muon collider has an even higher reach than a 100 TeV proton-
proton collider FCC-hh in QCD-neutral particles such as charginos ε̃±

1 and tau sleptons ϑ̃ . It surpasses
the thermal target (see later) for the Higgsino and the Wino dark matter candidates.
1For instance, T is a fermionic top partner, t̃ is the stop and W̃

0 and Higgsino H̃
0 are the wino and the Higgsino, respectively.

The notation is the same as in Ref. [201].
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TABLE I. Coupling strengths of g�V1V2 , g�1�2V and g�1�2V1V2 in the 2HDMs for V = W, Z, �, � =

h, H, H
±
, A, where s

W
(c

W
) is the sine (cosine) of the weak mixing angle ✓W , and c2W ⌘ cos(2✓W ),

s��↵ ⌘ sin(� � ↵) and cos(� � ↵) ⌘ c��↵.

couplings of H and A to the SM fermions normalized to the SM values are

Type-I: ⇠Huu = ⇠Auu = cot �, ⇠Hdd = �⇠Add = cot �, ⇠H`` = �⇠A`` = cot �;

Type-II: ⇠Huu = ⇠Auu = cot �, �⇠Hdd = ⇠Add = tan �, �⇠H`` = ⇠A`` = tan �;

Type-L: ⇠Huu = ⇠Auu = cot �, ⇠Hdd = �⇠Add = cot �, �⇠H`` = ⇠A`` = tan �;

Type-F: ⇠Huu = ⇠Auu = cot �, �⇠Hdd = ⇠Add = tan �, ⇠H`` = �⇠A`` = cot �. (6)

While the top-quark Yukawa coupling is always enhanced at small tan � and suppressed

at large tan �, the Yukawa couplings to the bottom quark and tau lepton can be either
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FIG. 2. Representative Feynman diagram for the EW scalar pair production in µ
+
µ
� annihilation

µ
+
µ
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FIG. 3. Cross sections versus the c.m. energy
p

s. For the left panel: µ
+
µ
� ! H

+
H

� (red), and

HA (green) through µ
+
µ
� annihilation; and for the right panel: in addition, H

±
H/H

±
A (blue),

HH/AA (purple), through VBF in the alignment limit cos(� � ↵) = 0. Solid, dashed and dotted

lines for degenerate Higgs masses m� = 1 TeV, 2 TeV and 5 TeV, respectively. The vertical axis

on the right shows the corresponding event yields for a 10 ab�1 integrated luminosity.

production channels due to the initial state spectrum.

A. Production cross sections

Once crossing the pair production threshold, the heavy Higgs bosons can be produced in

pair via the µ+µ� annihilation

µ+µ� ! �⇤, Z⇤ ! H+H�, µ+µ� ! Z⇤ ! HA. (8)

The Feynman diagrams of the leading contributions are shown in Fig. 2. In the alignment

limit of cos(� � ↵) = 0, the production is fully governed by the EW gauge interactions,

11
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III. V V H COUPLINGS

At high energy lepton colliders, the cross section for single H production via the Higgs-

strahlung µ
+
µ
�

! ZH falls as 1/s. The high statistics channels for measurements of V V H

couplings rely on the WW and ZZ fusion via the VBF topology:

µ
+
µ
�

! ⌫µ⌫̄µ H (WW fusion), (7)

µ
+
µ
�

! µ
+
µ
�

H (ZZ fusion). (8)

See Fig. 1 for a representative Feynman diagram. It would be desirable to separate these

two classes of events by tagging the outgoing muons and achieve independent measurements

on WWH and ZZH couplings. However, for the VBF topology, the outgoing muons have a

tendency to stay in the forward region due to the t-channel propagator shown in Fig. 2(a).

Although the transverse momentum of the outgoing muons is sizable and governed by the

propagator mass p
µ

T
⇠ MZ , at very high energies the muons are all extremely forward with a

scattering angle typically ✓µ ⇡ MZ/Eµ. In Fig. 3(a), we show the angular distributions of the

outgoing muons at
p

s = 3, 10, 30 TeV. One can see that, for example, the scattering angle

for a muon is peaked near ✓µ ⇠ 0.02 ⇡ 1.2� at 10 TeV. These very forward muons would most

likely escape the detection in a detector at a few degrees away from colliding beams. This

feature makes it increasingly difficult to distinguish the processes of the neutral currents (ZZ

fusion [36]) from the charged currents (WW fusion) at higher energies. Therefore, separating

these two classes of events would require the capability of detecting very energetic muons in

the forward region and dedicated advanced detector design would be needed [37]. Without

this, we would have to focus on the “inclusiveness,” a dominant behavior of the collinear

splitting physics recently emphasized in Ref. [31]. As a consequence, we will consider two

classes of events for VBF production of single H:

• Inclusive channel: events from WW fusion and from ZZ fusion without detecting

muons;

• Exclusive 1µ channel: events from ZZ fusion with at least one muon detected.

The inclusive channel is populated predominantly by events from the WW fusion, but

also contains events from ZZ fusion when the outgoing muons go down the beam pipe and

escape detection. However, as seen from Table I, ZZ-fusion cross section is roughly 10% of
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• Can we distinguishing WW vs. ZZ fusion ?
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• Distinguishing WW vs. ZZ fusion

• Forward muon tagging              (even poor resolution is still ok)
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FIG. 2. Distributions for (a) EW PDFs fi(x) and, (b) par-
ton luminosities dLij/dω versus

→
ω for

→
s = 30 TeV with a

factorization scale Q =
→
ŝ/2 (solid) and

→
ŝ (dashed).

partonic sub-process cross section ω̂

ω(ε+ε→ → F +X) =
∫ 1
ω0
dϑ

∑
ij

dLij

dω ω̂(ij → F ), (6)

dLij

dω = 1
1+εij

∫ 1
ω

dϑ
ϑ

[
fi(ϖ, Q2)fj

(
ω
ϑ , Q

2
)
+ (i ↑ j)

]
,

where ϑ = ŝ/s with
↓
s (

↓
ŝ) the collider (parton)

c.m. energy. The production threshold is ϑ0 = m
2
F /s.

In presenting our results for production of SM parti-
cles at a high-energy lepton collider, for definitiveness,
we consider a future µ

+
µ
→ collider with multi-TeV en-

ergies. It is informative to first examine the parton lu-
minosities as shown in Fig. 2(b) for

↓
s = 30 TeV versus

↓
ϑ , with a variety of partonic initial states. The up-

per horizontal axis labels the accessible
↓
ŝ. Although

we properly evolve the EW PDFs according to the un-
broken SM gauge groups, we convert the states back for
the sake of common intuition, shown in the figure for
µ
+
µ
→
, ϱµϱ̄µ, ςς/ZZ/ςZ, WTWT and WLWL. We see

that the fermionic luminosities peak near the machine
c.m. energy ϑ ↔ 1, while the gauge boson luminosities,
generically called vector boson fusion (VBF) dominate at
lower partonic energy

↓
ŝ. As noted earlier, the neutral

gauge boson luminosities are the largest, followed by WT

and WL.
We emphasize the “inclusiveness” of the production

processes. For example, for an exclusive final state of
tt̄ production, one needs to sum over all the observa-
tionally indistinguishable partonic contributions in the

initial state µ
+
µ
→
, ςς, ςZ,ZZ,W

+
W

→
→ tt̄. Contribu-

tions from the quark and gluon initial states are sub-
leading as seen in the parton luminosities in Fig. 2(b),
and we do not include them in the cross section calcula-
tions throughout this letter. Since the collinear remnants
are not observationally resolved, one cannot separate the
µ
+
µ
→
/ϱµϱ̄µ annihilations from the VBF. For this reason,

we call such processes, i.e., µ+
µ
→
→ tt̄ “semi-inclusive”.

This is analogous to the tt̄ production at hadron colliders
from the partonic sub-processes qq̄, gg → tt̄.
In Fig. 3(a), we show the semi-inclusive production

cross sections at a µ
+
µ
→ collider versus the collider

c.m. energy
↓
s from 1 TeV to 30 TeV. We choose the fac-

torization scale Q =
↓
ŝ/2 in calculating the EW PDFs.1

The solid curves are the total cross sections for the semi-
inclusive processes for

µ
+
µ
→
→ W

+
W

→
, H, ZH, tt̄, HH and tt̄H, (7)

combining the contributions from both fermionic initial
states and the VBF. We indicate the VBF contributions
by the dashed curves,2 and the fermionic contributions
by the dotted curves, respectively, below the solid curves.
It is important to note that, although there is no logarith-
mic evolution for the WL PDF, the partonic sub-process
cross sections are much enhanced for WLWL, ZLZL →

tt̄, tt̄H and H,ZH,HH, due to the Goldstone-boson in-
teractions. The VBF processes take over the annihilation
channels at higher energies

↓
s ↔ 2.3, 3.5, 6.5 TeV for

W
+
W

→
, tt̄ and tt̄H, respectively. To appreciate the in-

dividual contributions from the underlying partonic sub-
processes, we decompose them for the process µ+

µ
→
→ tt̄

versus the c.m. energy, as shown in Fig. 3(b) for µ
+
µ
→,

ςς/ςZ/ZZ, WTWL, WLWL as well as WTWT . As ex-
pected, the QED contribution remains to be the leading
channel. Not well appreciated, the WTWL/WLWL con-
tributions become as significant.
We now examine the kinematic distributions for

the final state tt̄ system, for the individual contribu-
tions µ

+
µ
→
, ς/Z,WTWL,WLWL and WTWT . Shown in

Fig. 4(a) are the normalized invariant mass distributions
mtt̄. We see that, for the µ

+
µ
→ annihilation, the distri-

bution is sharply peaked at the collider c.m. energy, with
a tail due to the radiative return. For the VBF, they are
peaked after the 2mt threshold. We show in Fig. 4(b)
the normalized rapidity distributions of the system ytt̄.
Again, events from the µ

+
µ
→ annihilation are sharply

central, while those from VBF are spread out, reflecting
the boost due to the momentum imbalance between the
two incoming partons.

1To validate the EW PDF approximation, we have imposed an
angular cuto! for the W/Z initiated processes in the c.m. frame
cos ω < 1 → m

2
/ŝ, where m is the relevant particle mass involved

in the process. We have included a tighter cut cos ω < 0.99 and↑
ŝ > 500 GeV for the W

+
W

→
, ZH final states.

2Many of the VBF processes have been calculated recently in
Ref. [27] at the tree-level. We have good agreements with theirs
where ever they overlap.

Han, Ma and Xie, arXiv: 2007.14300

• Forward muon tagging ?

• Different kT dependence
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FIG. 2. Distributions for (a) EW PDFs fi(x) and, (b) par-
ton luminosities dLij/dω versus
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ω for
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s = 30 TeV with a

factorization scale Q =
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ŝ/2 (solid) and

→
ŝ (dashed).
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ij
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dω ω̂(ij → F ), (6)
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1+εij
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(
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+ (i ↑ j)

]
,

where ϑ = ŝ/s with
↓
s (

↓
ŝ) the collider (parton)

c.m. energy. The production threshold is ϑ0 = m
2
F /s.

In presenting our results for production of SM parti-
cles at a high-energy lepton collider, for definitiveness,
we consider a future µ

+
µ
→ collider with multi-TeV en-

ergies. It is informative to first examine the parton lu-
minosities as shown in Fig. 2(b) for

↓
s = 30 TeV versus

↓
ϑ , with a variety of partonic initial states. The up-

per horizontal axis labels the accessible
↓
ŝ. Although

we properly evolve the EW PDFs according to the un-
broken SM gauge groups, we convert the states back for
the sake of common intuition, shown in the figure for
µ
+
µ
→
, ϱµϱ̄µ, ςς/ZZ/ςZ, WTWT and WLWL. We see

that the fermionic luminosities peak near the machine
c.m. energy ϑ ↔ 1, while the gauge boson luminosities,
generically called vector boson fusion (VBF) dominate at
lower partonic energy

↓
ŝ. As noted earlier, the neutral

gauge boson luminosities are the largest, followed by WT

and WL.
We emphasize the “inclusiveness” of the production

processes. For example, for an exclusive final state of
tt̄ production, one needs to sum over all the observa-
tionally indistinguishable partonic contributions in the

initial state µ
+
µ
→
, ςς, ςZ,ZZ,W

+
W

→
→ tt̄. Contribu-

tions from the quark and gluon initial states are sub-
leading as seen in the parton luminosities in Fig. 2(b),
and we do not include them in the cross section calcula-
tions throughout this letter. Since the collinear remnants
are not observationally resolved, one cannot separate the
µ
+
µ
→
/ϱµϱ̄µ annihilations from the VBF. For this reason,

we call such processes, i.e., µ+
µ
→
→ tt̄ “semi-inclusive”.

This is analogous to the tt̄ production at hadron colliders
from the partonic sub-processes qq̄, gg → tt̄.
In Fig. 3(a), we show the semi-inclusive production

cross sections at a µ
+
µ
→ collider versus the collider

c.m. energy
↓
s from 1 TeV to 30 TeV. We choose the fac-

torization scale Q =
↓
ŝ/2 in calculating the EW PDFs.1

The solid curves are the total cross sections for the semi-
inclusive processes for

µ
+
µ
→
→ W

+
W

→
, H, ZH, tt̄, HH and tt̄H, (7)

combining the contributions from both fermionic initial
states and the VBF. We indicate the VBF contributions
by the dashed curves,2 and the fermionic contributions
by the dotted curves, respectively, below the solid curves.
It is important to note that, although there is no logarith-
mic evolution for the WL PDF, the partonic sub-process
cross sections are much enhanced for WLWL, ZLZL →

tt̄, tt̄H and H,ZH,HH, due to the Goldstone-boson in-
teractions. The VBF processes take over the annihilation
channels at higher energies

↓
s ↔ 2.3, 3.5, 6.5 TeV for

W
+
W

→
, tt̄ and tt̄H, respectively. To appreciate the in-

dividual contributions from the underlying partonic sub-
processes, we decompose them for the process µ+

µ
→
→ tt̄

versus the c.m. energy, as shown in Fig. 3(b) for µ
+
µ
→,

ςς/ςZ/ZZ, WTWL, WLWL as well as WTWT . As ex-
pected, the QED contribution remains to be the leading
channel. Not well appreciated, the WTWL/WLWL con-
tributions become as significant.
We now examine the kinematic distributions for

the final state tt̄ system, for the individual contribu-
tions µ

+
µ
→
, ς/Z,WTWL,WLWL and WTWT . Shown in

Fig. 4(a) are the normalized invariant mass distributions
mtt̄. We see that, for the µ

+
µ
→ annihilation, the distri-

bution is sharply peaked at the collider c.m. energy, with
a tail due to the radiative return. For the VBF, they are
peaked after the 2mt threshold. We show in Fig. 4(b)
the normalized rapidity distributions of the system ytt̄.
Again, events from the µ

+
µ
→ annihilation are sharply

central, while those from VBF are spread out, reflecting
the boost due to the momentum imbalance between the
two incoming partons.

1To validate the EW PDF approximation, we have imposed an
angular cuto! for the W/Z initiated processes in the c.m. frame
cos ω < 1 → m

2
/ŝ, where m is the relevant particle mass involved

in the process. We have included a tighter cut cos ω < 0.99 and↑
ŝ > 500 GeV for the W

+
W

→
, ZH final states.

2Many of the VBF processes have been calculated recently in
Ref. [27] at the tree-level. We have good agreements with theirs
where ever they overlap.
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glet(short), etc.]

OHq = i
!

H†→DµH
"
(q̄Lω

µqL) , (10)

O
↑
Hq = i
!

H†ϵa→DµH
"
(q̄Lϵ

aωµqL) , (11)

OHu = i
!

H†→DµH
"
(ūRω

µuR) , (12)

OHd = i
!

H†→DµH
"#

d̄Rω
µdR
$

, (13)

OHϑ = i
!

H†→DµH
"#
ϑ̄Lω

µϑL
$

, (14)

O
↑
Hϑ = i
!

H†ϵa→DµH
"#
ϑ̄Lϵ

aωµϑL
$

, (15)

OHe = i
!

H†→DµH
"
(ēRω

µeR) . (16)

(H or ϖ?)
In addition, upon insertions of dimensionful constants such as the Higgs boson VEV ↓h↔,

SMEFT interactions can also lead to linearly growing energy dependent rates. This is the case
for the interaction [RF: Should it be O33

uH? ]

Oyt
=
#
H†H
$ #

Q̄L H̃ tR
$

, (17)

where H̃ is iϵ2H† , which gives rise to a shift in the Yukawa coupling of the top quark

yt ↗ y ↑t = yt ↘
C33

uH v3

≃
2mt

, (18)

and results in linear growth of the interference eq. (9), that is ASM EF T ⇐ q · ↓h↔/M2 for pro-
cesses involving top quark such as eqs. (3)-(5) specialized for f = t.

The di-Higgs production discussed in Section 4.2 receives contributions from the following
dimension-6 SMEFT operators:

OH =
#
H†H
$3

, (19)

OH! =
#
H†H
$
!
#
H†H
$

, (20)

OHD =
#
DµH†H
$ #

H†DµH
$

, (21)

OHW =
#
H†H
$ %

WµϱiW i
µϱ

&
, (22)

OHB =
#
H†H
$ #

BµϱBµϱ
$

, (23)

OHW B =
#
H†ϵiH
$ #

WµϱiBµϱ
$

. (24)

[RF: We do not consider the CP-odd combinations with F F̃ combinations.] For the vector
boson scattering into gauge bosons studied in Section 4.4 we consider as well the following
operator Add operators please :

O3W = ςabcW
a ϕ
µ W b ϱ

ϕ W c µ
ϱ . (25)

[RF: Motivate why diboson is not used to test O3W .] For the processes involving hard an-
nihilation of muons into two fermions in Section 3.2 we consider Don’t we consider O2W and
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