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Reach of muon collider for simple(st) WIMP dark models. 


A few directions for further studies.  

Probing WIMP dark matter is a main physics goal for 
high energy colliders.


A main part of the physics studies for future colliders. 

My talk



Simplest WIMP



DM part of a EW multiplet

Simplicity: there is no additional new mediator or 
new interaction. 


Mediated by W/Z/h.


In SUSY, there are two such examples 


Higgsino: doublet.  Wino: triplet. 
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DM part of a EW multiplet

n odd. Fermionic. 


n>7, Landau pole close to MDM . 


After EWSB,  mass splitting (minimally) generated at 1-loop.


Choose Y=0. Lightest member electric neutral. Potential DM 
candidate. 


Familiar example: wino

DM ∈ (1, n, Y) of SU(3)C × SU(2)L × U(1)Y

“Minimal dark matter”, Cirelli, Fornengo and Strumia, hep-ph/0512090, 0903.3381



DM part of a EW multiplet
DM ∈ (1, n, Y) of SU(3)C × SU(2)L × U(1)Y

n even. Fermionic


Choose Y=(n-1)/2 ensures lightest member is neutral. 


Direct detection rules out the minimal case due to tree level Z 
exchange. 


Can be avoided to introduce a small splitting, δm > 102 keV, of 
the neutral states (for example, from a dim-5 operator). Not quite 
minimal (additional model dependence).


Famous example: Higgsino (1,2)1/2



DM part of a EW multiplet
DM ∈ (1, n, Y) of SU(3)C × SU(2)L × U(1)Y

Scalar (real and complex)


Minimal case: mass splitting, stability discussion parallel to 
that of the fermionic multiplets.


Addition couplings of the form H† H X† X. More parameters 
involved in a full analysis.


More focus on the fermion case (so far).



Thermal targets
Model Therm. 5σ discovery coverage (TeV)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2The only exception is the case with tiny hyper-charge discussed above.

– 4 –

Mitridate, Redi, Smirnov, Strumia, 1702.01141

Reach up to thermal target 
≈  

complete coverage for WIMP candidate
48.8

Correct relic abundance 
⇒ Thermal targets

S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, D. 
Redigolo, L. Vittorio, 2107.09688



Search at future colliders
8.5. DARK MATTER 131
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

100 TeV pp collider is needed 

to cover the EW doublet (Higgsino) and triplet (wino) DM. 

Not enough to cover the higher dim multiplets.  



At muon colliders

Naive expectation: reach dark matter mass m# ≈ 1/2 ECM 

Well, almost. But not so easy. 



“indirect”, from precision 
measurement

23

The case for direct searches

EW pair-produced particles up to kinematical threshold

Striking for 10+TeV 
Particularly effective for VBF-produced BSM

Need studies for compressed/invisible/difficult decays

WIMP DM: 
           in mono-X [2009.11287 + Buttazzo, Franceschini et. al. in progress] 

           disappearing tracks [2009.11287 + Meloni, Zurita et. al. in progress]

                indirectly [1810.10993]
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At loop level, modifying the qq̄( or ℓ+ℓ−) → f f̄ amplitude

Di Luzio, Grober, Panico, 1810.10993



Two classes of “direct” DM 
signals at colliders

Production of dark matter particle.  

Inclusive search for X+MET 

similar to mono-jet at hadron colliders. 

Small EW induced mass splitting, charged member 
long-lived.  

Disappearing track



Mono-photon channel

(a) (b) (c) (d)

Figure 1: Representative Feynman diagrams for the mono-photon signal from a variety of
χχ production channels (a) µ+µ− annihilation, (b) γγ fusion, (c) γW fusion, and (d) WW

fusion.

(a) (b)

Figure 2: Representative Feynman diagrams for the SM mono-photon background (a) from
W -exchange, and (b) from Z → νν̄.

particles, or leave a charge track if the charged states are long lived. As we stated above, we
will consider these soft particles to be unobservable for now. Hence, the most obvious signal
would be to have an additional photon recoiling against the EW multiplet in the production
process. In the following, we will study this mono-photon channel in detail.

We consider the following signal processes

µ+µ− → γχχ via annihilation µ+µ− → χχ, (3.2)
γγ → γχχ via γγ → χχ, (3.3)

γµ± → γνχχ via γW → χχ, (3.4)
µ+µ− → γννχχ via WW → χχ and µ+µ− → χχZ. (3.5)

where χ represents any state within the n-plet and χχ represents any combination of a pair of
the χ states allowed by the gauge symmetries. We show the representative Feynman diagrams
for the mono-photon signal corresponding to the above processes in Figure 1. Apart from
the initial state radiation (ISR) or final state radiation (FSR) photon, the signal rate and
kinematics are mainly determined by the underlying two-to-two processes. For a heavy χ,
the direct µ+µ− annihilation remains to be the dominant production source via γ∗, Z∗ → χχ

(dubbed as a Drell-Yan process due to its similarity to pp → γ∗/Z∗ → $+$− at hadron
colliders). For the next two processes in γγ and γW fusion, photons are treated as initial
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W -exchange, and (b) from Z → νν̄.
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Signal: 

Background: 

Drell-Yan VBF



Signal significance
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Figure 3: (a) Total cross section and (b) the significance defined in Equation 3.9 for a pair
of EW multiplets plus a mono-photon at a muon collider with

√
s = 14 TeV. In (b) the solid

and dashed lines correspond to the systematic uncertainties of 0% and 0.1%, respectively.

state partons. This is appropriate since there are large fluxes of photons coming from collinear
radiation of the high-energy muon beams. We modify MadGraph to include photons from
muons using its encoded improved effective photon approximation [36] with a dynamical scale
Q =

√
ŝ/2, where

√
ŝ is the partonic center-of-mass (c.m.) energy. The process (d) in Figure 1

inherits both the WW VBF and χχZ with Z → νν̄. For simplicity, we will not invoke the
EW parton distribution functions (PDFs) for the massive vector bosons [37] in this study and
will perform the tree-level fixed order calculations.

As for the signal identification, we first require a photon in the final state to be in the
detector acceptance

10◦ < θγ < 170◦. (3.6)

Taking into account the invariant mass of the dark matter pair system being greater than
2mχ, we impose further selective cuts on the energy of the photon and on the missing mass

Eγ > 50 GeV, m2
missing ≡ (pµ+ + pµ− − pγ)

2 > 4m2
χ. (3.7)

The missing-mass cut is equivalent to an upper limit on the energy of the photon Eγ <

(s− 4m2
χ)/2

√
s, where

√
s is the collider c.m. energy.

We consider multiple sources of the SM background, with some representative Feynman
diagrams shown in Figure 2. The most significant SM background, after the selection cuts, is

µ+µ− → γνν̄, (3.8)

dominantly from contributions via the t-channel W -exchange.
In Figure 3, we show the cross sections for the signal processes with a variety of the EW

multiplets as labeled on the figures. For simplicity, we only plot the Dirac EW multiplets.
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The pair-production cross section for Majorana fermions will be a factor of two smaller than
the Dirac fermions with same quantum numbers. The dominant process is the Drell-Yan pair
production with an additional ISR or FSR photon. For a fixed muon collider center of mass
energy, the Drell-Yan (DY) process cross section is rather insensitive to the DM mass except
for the near threshold regime with βχ =

√
1− 4m2

χ/s suppression, as an s-wave process. The
VBF production for the EW multiplet, on the other hand, are characterized by the infrared
behavior of the initial state gauge bosons and the cross section is thus scaled with the heavy
DM mass as approximately 1/m4

χ for mχ "
√
s/2. This scaling can be understood as the

following. From the vector boson PDF point of view, the parton luminosity scales as 1/τ .
Near the threshold, τ ∝ m2

χ. In addition, the underlying V V → χχ cross section of the hard
partonic cross section is suppressed by the flux factor of 1/(4m2

χ). The SM backgrounds are
dominated by low energy ISR photons, and hence is insensitive to the DM mass-dependent
missing-mass cut. The post-cut background rate shown in Figure 3 in purple line is hence
flat. As the energy of the muon collider increases, the Drell-Yan process rate will decrease.
At the same time, the rate of the VBF process will increase and asymptote to increasing
logarithmically with energy as

√
s & 2mχ. This renders the relative importance between

different signal production channels to change.
In Figure 4(a), we show the energy distributions of the photon at

√
s = 14 TeV, for

the background and two representative benchmarks of the 7-plet (1, 7, ε) with mχ = 1 TeV
and 3 TeV, respectively. We see a mono-chromatic peak for the background process near
Eγ ≈

√
s/2, that is due to the two-body kinematics from the contribution of µ+µ− → γZ.

The sharp energy endpoint in the signal distribution is determined by the masses of heavy
missing particles as discussed at Equation 3.7. Figure 4(b) shows the angular distribution of
the photon at

√
s = 14 TeV. For the background, the photon is mostly along the forward or

backward direction, due to the nature of the ISR. For the signal, the photon can be emitted
from both ISR and FSR. Although suppressed by the multiplet mass mχ, the FSR could
be enhanced by the large electric charge in a higher dimensional multiplet, and the photon
becomes more central, as shown by the red line in the middle in Figure 4(b). Importantly, we
show the normalized missing-mass distributions for signal and background in Figure 4(c). We
see the threshold near twice of the EW multiplet mass, and this sharp rise could serve as the
characteristic signature for the signal parameter identification.

For the expected reach, we take a conservative approach to estimate the significance as

NSD =
S√

S +B + (εSS)2 + (εBB)2
, (3.9)

where S and B are the numbers of events for the signal and background, and εS and εB
are the corresponding coefficients for systematic uncertainties, respectively. Our results for
the reach of mono-photon channel are shown in Figure 3(b), with and without the systematic
uncertainties εS = εB = 0.1%. In Figure 5(a), we also show the integrated luminosities needed
to reach 2σ statistical significance for the mono-photon channel at

√
s = 14 TeV, in absence

of systematic uncertainties. We see, for instance, that we could reach the 2σ sensitivity with
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of EW multiplets plus a mono-photon at a muon collider with

√
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state partons. This is appropriate since there are large fluxes of photons coming from collinear
radiation of the high-energy muon beams. We modify MadGraph to include photons from
muons using its encoded improved effective photon approximation [36] with a dynamical scale
Q =

√
ŝ/2, where

√
ŝ is the partonic center-of-mass (c.m.) energy. The process (d) in Figure 1

inherits both the WW VBF and χχZ with Z → νν̄. For simplicity, we will not invoke the
EW parton distribution functions (PDFs) for the massive vector bosons [37] in this study and
will perform the tree-level fixed order calculations.

As for the signal identification, we first require a photon in the final state to be in the
detector acceptance

10◦ < θγ < 170◦. (3.6)

Taking into account the invariant mass of the dark matter pair system being greater than
2mχ, we impose further selective cuts on the energy of the photon and on the missing mass

Eγ > 50 GeV, m2
missing ≡ (pµ+ + pµ− − pγ)

2 > 4m2
χ. (3.7)

The missing-mass cut is equivalent to an upper limit on the energy of the photon Eγ <

(s− 4m2
χ)/2

√
s, where

√
s is the collider c.m. energy.

We consider multiple sources of the SM background, with some representative Feynman
diagrams shown in Figure 2. The most significant SM background, after the selection cuts, is

µ+µ− → γνν̄, (3.8)

dominantly from contributions via the t-channel W -exchange.
In Figure 3, we show the cross sections for the signal processes with a variety of the EW

multiplets as labeled on the figures. For simplicity, we only plot the Dirac EW multiplets.
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Signal significance is dominated by the systematics. 

Good reach if one can control the systematics to the level of 10-3 

B ≈ 102÷3 x S. 



Mono-muon
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Figure 5: Integrated luminosities needed for (a) mono-photon and (b) mono-muon channels,
to reach 2σ statistical significance at

√
s = 14 TeV.

(a) (b)

Figure 6: Representative Feynman diagrams for the mono-muon signal (a) from γZ fusion
and (b) from WZ/Wγ fusion.

3.2 Mono-Muon

While the mono-photon is a generic dark matter signal for all high energy colliders, mono-
muon signal to be studied in this section is unique to muon colliders. The leading signal
processes are

γ µ± → µ±χχ via γZ → χχ,

µ+µ− → µ±νχχ via γW,ZW → χχ,
(3.10)

where χ’s represent any states within the n-plet, and χχ represents any combination of a pair
of the χ states allowed by gauge symmetries. The µ± is required to be in the detector coverage
as in Equation 3.6. Some representative Feynman diagrams of such a signal, from γZ fusion
and WZ/Wγ fusion, are shown in Figure 6.

The main background comes from processes in which a charged particle (mostly muon)
escapes detection in the forward direction, due to the finite angular acceptance of the detector.
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(a) (b)

Figure 7: Representative Feynman diagrams for the SM mono-muon backgrounds (a) from
W → µν̄ and (b) from Z → νν̄.

The dominant process is
γ µ± → µ±νν̄, (3.11)

resulting from both Z → νν̄ and W → µν̄, where the muon from which the photon radiates
missed the detection, as shown in Figure 7.

Many other processes also have the property that some final state particles prefer to go
forward, and they can potentially contribute to the background. This leads us to consider
high-rate processes with muons and missing energy in the final state, such as

γ µ± → γ µ± (3.12)

where the photon is missed. There are also various di-boson production processes with sub-
sequent leptonic decays to contribute to the backgrounds. The W+W− background is clearly
orders of magnitude smaller than other processes discussed above. The process shown in Fig-
ure 7 for the dominant background γ µ− → µ−νν̄ yields very different kinematic behavior.
The initial state photon is radiated off an incoming muon and tends to be soft. The process
in the left panel is dominated by the soft W -exchange, and hence the final state W decay
into muons is more symmetric. The process in the right panel is also dominated by the soft µ
exchange, and hence the final state muon is soft as well. With a hard muon energy cut, the
backgrounds in both Equation 3.11 and Equation 3.12 can be effectively suppressed, as shown
in panel (a) of Figure 8. Hence, we require

Eµ± > 0.71, 1.4, 2.3, 3.2, 6.9, 22.6 TeV, for
√
s = 3, 6, 10, 14, 30, 100 TeV, (3.13)

With respect to the dominant background γ µ− → µ−νν̄ and the sub-dominant background
γ µ± → γ µ±, the signal significance can also be enhanced somewhat by requiring the µ− to be
in the forward direction (with respect to the initial µ−), as shown in Figure 8(b). Therefore,
the following selection cuts are applied:

10◦ < θµ− < 90◦, 90◦ < θµ+ < 170◦, (3.14)

where the polar angle is defined with respect to the incoming µ−.
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Signal: 

Background: 

A signal unique to muon collider 



Signal significance
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Figure 9: (a) Total cross section and (b) the significance defined in Equation 3.9 for a pair
of EW multiplets plus a mono-muon at a muon collider with

√
s = 14 TeV. In (b), the solid

and dashed lines correspond to the systematic uncertainties of 0% and 0.5%, respectively.

in the case of mono-photon signal, the cross section of mono-muon decrease significantly for
larger dark matter masses as ∼ 1/m4

χ, for the same reason as discussed in the previous section
about the VBF component of the mono-photon signal. In comparison with the mono-photon,
a notable feature of the mono-muon channel is that the background is much lower, resulting
a much larger S/B, making it more robust against systematic uncertainties.

In Figure 9(b), we show the significance of the mono-muon processes. For relatively light
dark matter mass, the reach in the mono-muon channel is better than the mono-photon. This
is particularly interesting for the lower-dimensional multiplets, such as the Higgsino, where the
target thermal mass is relatively low. Figure 5(b) shows the integrated luminosities needed to
reach 2σ statistical significance for the mono-muon channel at

√
s = 14 TeV, in the absence of

systematic uncertainties. We see that with a luminosity of about 2 ab−1, we could reach the
2σ sensitivity with this channel alone for the doublet (Dirac triplet) EW DM to its thermal
target mass of 1.1 (2.0) TeV. The coverage for the higher representations would be better.

3.3 VBF Di-Muon

Beyond the single muon signature, one could also consider to tag both muons in the final state
to account for other additional contributing channels via the VBF

µ+µ− → µ+µ−χχ via fusion γ∗γ∗, γ∗Z,ZZ → χχ (3.16)

where χ represents any state within the n-plet, as depicted in Figure 10(a). We require both
final state muons to be in the detector coverage as in Equation 3.6. This effectively suppresses
the backgrounds that are dominated by low momentum transfer. For a γ∗ initiated process,
the cross section with finite angle scattering falls at higher energies of the final state muons
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coverage
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Figure 7: Representative Feynman diagrams for the SM mono-muon backgrounds (a) from
W → µν̄ and (b) from Z → νν̄.

The dominant process is
γ µ± → µ±νν̄, (3.11)

resulting from both Z → νν̄ and W → µν̄, where the muon from which the photon radiates
missed the detection, as shown in Figure 7.

Many other processes also have the property that some final state particles prefer to go
forward, and they can potentially contribute to the background. This leads us to consider
high-rate processes with muons and missing energy in the final state, such as

γ µ± → γ µ± (3.12)

where the photon is missed. There are also various di-boson production processes with sub-
sequent leptonic decays to contribute to the backgrounds. The W+W− background is clearly
orders of magnitude smaller than other processes discussed above. The process shown in Fig-
ure 7 for the dominant background γ µ− → µ−νν̄ yields very different kinematic behavior.
The initial state photon is radiated off an incoming muon and tends to be soft. The process
in the left panel is dominated by the soft W -exchange, and hence the final state W decay
into muons is more symmetric. The process in the right panel is also dominated by the soft µ
exchange, and hence the final state muon is soft as well. With a hard muon energy cut, the
backgrounds in both Equation 3.11 and Equation 3.12 can be effectively suppressed, as shown
in panel (a) of Figure 8. Hence, we require

Eµ± > 0.71, 1.4, 2.3, 3.2, 6.9, 22.6 TeV, for
√
s = 3, 6, 10, 14, 30, 100 TeV, (3.13)

With respect to the dominant background γ µ− → µ−νν̄ and the sub-dominant background
γ µ± → γ µ±, the signal significance can also be enhanced somewhat by requiring the µ− to be
in the forward direction (with respect to the initial µ−), as shown in Figure 8(b). Therefore,
the following selection cuts are applied:

10◦ < θµ− < 90◦, 90◦ < θµ+ < 170◦, (3.14)

where the polar angle is defined with respect to the incoming µ−.
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μ+ Tag this muon, suppress mono-muon bkgd.

(a) (b)

Figure 10: Representative Feynman diagrams for (a) the di-muon signal and (b) the SM
background.

as 1/(pµT )
2 for each tagged muon. Although pµT ∼ MZ for a Z-initiated process, the muons

can still be highly boosted due to the large beam energy, with a scattering angle of the
order θµ ∼ MZ/Eµf [38], likely outside the detector coverage. The energy of the muons
in the low energy-transfer processes is almost the beam energy. For a final state muon to
be observable, our requirement in Equation 3.6 can be translated into sin θ > 0.17 and the
corresponding pT is then O(1) TeV for a 14 TeV muon collider, providing the huge suppression
of background.3 Similarly, this angular requirement also cause some signal efficiency loss. For
heavier EW multiplets, due to the large momentum transfer, and lower final state muon
energy, the efficiency loss due to the angular cut is much less severe.4

The leading irreducible background is

µ+µ− → µ+µ−νν̄. (3.17)

The dominant contributions are from both γ∗γ∗, γ∗Z,ZZ fusion processes as well as ZZ →
µ+µ− νν̄, as shown in Figure 10(b). To suppress the large non-fusion background primarily
from a Z decay to leptons, the muons are required to have

mµ+µ− > 300 GeV, mmissing = (pinµ+ + pinµ− − poutµ+ − poutµ− )2 > 4m2
χ. (3.18)

In Figure 9(a), we show the cross sections for the signal processes with a variety of the EW
multiplets. We see that the cross sections span over a large range and at a fixed muon collider
energy, fall as high power of the EW multiplet mass. For comparison, the background cross
section is also shown as the curve on top. In Figure 9(b), we show the statistical significance
of the di-muon signals.

3One can go beyond our conservative assumption of effective experimental detector coverage of |η| < 2.5

(correspond to 10◦ < θ < 170◦), and try to tag muons in the more forward regions if advanced detector
designs allows for it. Covering the forward region will improve the signal efficiency and help further separating
different types of background for the searches discussed in this section.

4This can also be seen in Figure 8 for the signal energy and angular distribution, although it is strictly for
the process where only one final state muon is detectable.
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Small mass splitting, long lifetime

mQ ! mW ,mZ , we have

∆mQ,Q′ ≡ mQ −mQ′ $ (Q−Q′)

(
Q+Q′ +

2Y

cos θW

)
δm, (3.19)

where Q and Q′ are the electric charges of the given components in an EW multiplet, Y is
the hyper-charge of the EW multiplet, and

δm =
g2

4π
mW sin2

θW
2

≈ 160–170 MeV. (3.20)

Using the electroweak input parameters from Ref. [39] defined at the Z-pole, we take δm =

165 MeV in this study. In principle, there is quite a bit of freedom in choosing the hyper-
charge Y . We would like to have a neutral state Q = 0 in the multiplet as the dark matter
candidate, which can be achieved by requiring the hyper-charge to take on (half-)integer values
for (even) odd-dimensional multiplets, and Y ≤ T for EW-multiplet of (2T + 1, Y ).5 At the
same time, at least in the minimal scenarios in which the mass splitting is dominated by the
EW loop contributions, there are additional constraints from requiring the neutral state to be
the lightest one. As an example, we can consider the EW multiplets with a zero hyper-charge,
(1, 2T + 1, 0), where T is an integer. This choice also satisfies the direct detection limits.
For even-dimensional EW multiplets with a non-zero hyper-charge Y , (1, 2n, Y ), the highest
charged state has an electric charge of n/2+Y . The electrically neutral state is automatically
the lightest eigenstate when Y = n− 1/2.6

In the left panel of Figure 12, we show the mass splittings between the charged and neutral
states ∆mQ,0 calculated with Equation 3.19 for the generic EW multiplets discussed above.
The particles with the same charge Q in all odd-dimensional representations share the same
mass splitting, so long as the state is present (a charge Q requires at least 2Q+1 representation
for Y = 0). Importantly, we can see that the smallest splitting in an n-plet is between the
charge |Q| = 1 and the neutral states, around 165 MeV for (1, 2T +1, 0). For Y '= 0 states, the
smallest splitting is for the Higgsino-like case of (1, 1/2, 1/2), around 354 MeV. The splitting
between the charged states are a factor of few larger.

Such a small EW-loop induced splitting between states implies the transitions between
these states to be slow, via two-body and three-body processes to leptons and mesons through
an off-shell W -boson. Hence, the leading decays are between Q and Q − 1 states. For the

5Without loss of generality, we assume Y ≥ 0.
6If a charged state is the lightest state, it cannot be the dark matter. In this case, a new class of signature

of heavy stable charge particles can be the most powerful probe where the lepton collider can reach the EW
n-plet for discovery up to the kinematic limit. Furthermore, it is possible for the neutral state to pick up a
milli-charge through loop effects and still being a viable dark matter candidate [27]. We will not pursue these
possibilities further in this paper.
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Charge ±1 states tends to have macroscopic lifetime. 
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More challenging for higher (n=odd) mutiplet, and the doublet.
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Figure 12: Mass splittings (left panel) and proper decay lengths (right panel) of the multiplet
components as a function of their electric charge. The odd(even) representations of the EW
multiplets are shown in solid (dashed) lines.

two-body decay process, for Q > 1, we have7

c⌧(�Q
! �Q�1⇡+) ' c⌧(⇡±)

Wm⇡m2
µ

16�m3
Q,Q�1

 
1 �

m2
µ

m2
⇡

!2 
1 �

m2
⇡

�m2
Q,Q�1

!�1/2

(3.21)

= 5.7W

 
1 �

m2
⇡/(134 MeV)2

�m2
Q,Q�1/(165 MeV)2

!�1/2✓
165 MeV

�mQ,Q�1

◆3

cm,

where kW is the normalized coupling involved in the process. For a state of EW-multiplet
(1, 2T + 1, Y ), it is

W =
2

(T � Q+ Y )(T +Q � Y + 1)
. (3.22)

In the second line of Equation 3.21, we normalize it in terms of the Wino-like splitting between
the charged state and the neutral one, yielding a lifetime around 5.7 cm (in length units). For
Higgsino-splitting of 354 MeV, the partial decay width is around 0.68 cm. For the transition
between higher charged states, a new channel of �Q

! �Q�1K+ also opens up, and the rate
estimation can be done with a replacement of the ⇡± mass by the K± mass between the last
parentheses in Equation 3.21.

For the three-body decay process with Q � 1, we have

c⌧(�Q
! �Q�1e+⌫e) '

15W⇡3

2G2
F�m5

Q,Q�1

. (3.23)

This process provides an additional transition mode that is a factor of 18 (48) slower than the
two-body decay mode discussed above for the Higgsino-like (Wino-like) splittings. Again, a
new channel of �Q

! �Q�1µ+⌫µ also opens up when �mQ,Q�1 > mµ.
7For Q = 1 case, the two-body and three-body decay formulae are consistent with Refs. [30, 40, 41]
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Figure 13: (a) Angular distributions (left panel) for µ+µ− → γ∗ → χ+χ− before cuts (solid
lines) and after cuts for the Wino-like scenario (dashed lines) and Higgsino-like scenario (dotted
lines). The vertical gray region represents the hard-to-detect region due to shielding and
detector geometry. (b) Disappearing track reconstruction efficiency (right panel) as a function
of minimal transverse displacement cut dmin

T for single disappearing track reconstruction (solid)
and double disappearing track reconstruction (dashed). For illustrative purpose, we take
mχ = 1, 3, 6.5 TeV at a 14 TeV muon collider.

In the right panel of Figure 12, we show the proper decay lengths for the states within
different EW multiplets including the two-body and three-body channels. Due to the factor κW
in Equation 3.22, the lifetime of a charged particle in higher odd-dimensional representations
is shorter. The mass splitting and anticipated lifetimes allow us to develop the following very
simple strategy for a phenomenological estimation for the signal rate. First, the charge ±1

states will have macroscopic lifetime from the collider perspectives, generating the signature
of “disappearing tracks” typically associated with long-lived particles. Second, although the
doubly charged state in the Y = 0 multiplets has a lifetime as large as 0.5 mm, it would be
difficult to reach the tracker due to the typical low boost of γ = Eχ/mχ for a heavy χ at
a muon collider.8As a result, the decay of states with a charge ±2 or more into the lower
charged states can be treated as prompt, and only the charge ±1 states have a relevant long
lifetime. Hence, all the EW pair productions considered in the previous sections, including
the production of the states with charge ≥ 2, gives rise to long-lived charged ±1 particles in
the final state.

We proceed to understand the kinematics of these disappearing track signals. For those
heavy states, the DY production mechanism dominates, as shown in Figure 3. In the left panel
of Figure 13, we show the differential distribution of the signal (including s-channel off-shell
photon exchange only for simplicity) as a function of scattering angle cos θ (solid curves) at
a 14 TeV muon collider. For a DM mass of mdm = 1 TeV (cyan) and mdm = 3 TeV (lime),
the distribution has the typical vector-like behavior of (1 + cos2 θ), with a small correction
from the finite mass effect. In contrast, the large chirality flipping effect for heavy dark matter

8We discuss the potential double displacement signature in the last part of this section.
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Boost matters. 
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Figure 14: Reconstruction efficiencies for at least one disappearing track (left panel) and
two disappearing tracks (right panel) with a reconstruction cut dmin

T = 5 cm for various muon
collider center of mass energies as a function of the minimal dark matter mass. The solid and
dashed line represent the Higgsino-like and Wino-like scenarios, respectively.

Higher center of mass energy helps to increase the efficiency for a fixed mass by orders of
magnitude as we are catching more events in the exponential decay tails from the boost.

In the following, we will discuss the experimental identification of the disappearing track
signals. The disappearing track signals of the minimal dark matter are particularly challenging
due to the short lifetimes, especially for Higgsino-like signals, and the moderate-to-low boost
for heavy minimal dark matter particles when their masses are close to the kinematic boundary
mdm ∼

√
s/2. Hence, it is critical to push the limit in the detector design to enhance such

signals. In particular, the number of tracker layers close to the interaction point would be
crucial. Current disappearing track searches at the LHC requires 3 to 4 hits [42, 43] in order
to effectively suppress the backgrounds. New proposals for high-luminosity LHC and FCC-hh
are envisioning two-hit signals while the background is still under control [44]. Hence, we
would anticipate the needs for hitting the track twice or three times for a disappearing track
signal to be identified. Some of the current studies of the detector performance for muon
colliders [45–47] have used a setup in which there are 5 tracker layers from 3 cm to 12.9 cm.
To set a performance target needed for the search of the minimal dark matter, and in the
absence of a concrete design, we will adopt

dmin
T = 5 cm with |ηχ| < 1.5 (3.25)

as the minimal transverse distance for a charged partner of the dark matter to travel and
then to be identified as a disappearing track (with a minimal of 2–3 hits, depending on the
detector design). The dependence of the signal efficiency on the dT is shown in the right panel
of Figure 13.

A unique challenge for a muon collider in identifying the disappearing track signal is the
high level of the beam-induced background. The disappearing tracks would be identified with
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FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
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summation of large logarithms. We have checked that
for the EW 3-plet and 5-plet, and for the energies under
consideration here, the fixed-order computations are still
accurate.

First, we consider the di-photon process

`
+
`
�
! �

i
�
�i + �� . (34)

We apply the same acceptance cuts of the mono-� anal-
ysis, and in addition we require a separation �R�� > 0.4
between the two photons. We employ the same event se-
lection strategy of the mono-� case, using as variables ⌘X ,
pT,X , where X is the compound �� system. Moreover,
we require each photon to be as central as the �� system
itself. For the 5-plet, we find that the di-� search can be
stronger than the mono-� in presence of large systematic
uncertainties, where suppressing the SM background is
more important. For the 3-plet, which has a smaller EW
charge, the signal yield is too much a↵ected by the re-
quirement of a second emission to be competitive with
the mono-V. In both cases, the values of S/B for the ex-
cluded di-� signal are much larger than for the mono-�
signal, and systematic errors thus have a smaller impact.
Details of the results are reported in Table II in the Ap-
pendix.

Second, we consider the double W emission
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which holds a potentially very clean signature due to the
two same-sign W bosons. We focus on leptonically de-
caying W bosons to ensure that their charge can be ac-
curately tracked. A potential SM background consists in
events with two lost charged particles, with the leading
contribution being
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�
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�
W

�
W

+
W

+
, (36)

where two W bosons of same sign are lost. This back-
ground is however negligible, as pairs of W bosons with
opposite charge tend to be radiated from the same ex-
ternal leg and to be collinear: requiring only one of
two collinear W bosons to be within detector acceptance
reduces the rate to negligible levels. The other possi-
ble background is given by events with a misidentified
charge,

`
+
`
�
! W

�
W

+(mistag) ⌫⌫̄ , (37a)

`
+
`
�
! W

�
W

+(mistag) `+`� , (37b)

where in the second case the charged final-state leptons
are lost along the beam line. Requiring pT,WW & p

s/10
makes the process in Eq. (37b) subdominant with re-
spect to the ⌫⌫̄ background Eq. (37a). On top of this pT
cut, we do not apply further selection cuts, and simply
require the two W bosons to be within the geometri-
cal acceptance of the detector, |⌘W | < 2.5. As an esti-
mate for the charge misidentification probability we take
✏misid = 10�3.
Due to the negligible background contamination, the

same-sign di-W signal has a much higher signal-to-noise
ratio than the mono-V channels and even than the di-
photon signal, reaching up to S/B ⇠ O(1). This makes
this channel very robust against systematic uncertain-
ties, and particularly e↵ective for large n-plets n � 5 at
higher energies due to their large EW charge. This sig-
nature may be one of the most robust and convincing
signal of n = 5 multiplets at colliders. Further sources of
background and a proper characterization of the missing
(transverse) momentum in this reaction depend on de-
tector performances, as well as on the knowledge of the
initial state of the collision to be used in the computation

mono-X, more generic model independent. Interesting 
channels: muon-mu, mono-W. 
Disappearing track. Some model dependence. Important 
to have the right BIB estimates.

S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, D. 
Redigolo, L. Vittorio, 2107.09688, 2205.04486 
See also K. Black, T. Bose, S. Dasu, H. Jia, D. Pinna, V. Sharma,  
N. Venkatasubramanian, V. Vuosalo, 2205.10404

T. Han, Z. Liu, X. Wang, LTW 2009.11287, 2203.07351



10 TeV muon collider can cover thermal targets for wino and higgsino like WIMP. 

Performance of disappearing track channel important to reach this goal. 
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Beyond the simplest model

“easier”, but further detailed studies could be useful



Additional scenarios
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Figure 2: The coloured bands show the region in the MDM–�M plane where the correct relic abun-

dance is achieved for DM co-annihilating with a scalar/fermion colour-triplet/octet partner. Red:

Sommerfeld corrections neglected. Light green: Sommerfeld corrections included analytically. Dark

green: Sommerfeld corrections and gluon thermal mass included numerically. The LHC 90%CL ex-

clusion is also shown as a vertical grey band. The DM is assumed to be a Majorana fermion. The

case of scalar DM is very similar.

Furthermore, fermion octets also have s-wave annihilations into SM quarks, which for ultra-relativistic

quarks form a (8A, 1) initial state, so that one simply has

�(F8 + F8 ! qq̄)Sommerfeld

�(F8 + F8 ! qq̄)perturbative
= S(�

3↵3

2�
). (2.25)

2.3 Results for DM co-annihilations with a coloured partner

By approximating the QCD potential as proportional to 1/r (i.e. by renormalising ↵3 at some fixed

relevant scale in eq. (2.14)), the above equations provide a simple analytical approximation for the

Sommerfeld corrections S. In fig. 2 we show in light green the bands in the (MDM,�M) plane where

the DM thermal abundance reproduces the observed value within ±3 standard deviations.

8

stau coannhilation

Larger (still compressed) mass splitting, no disappearing track. More challenging 

Expect to be covered by the inclusive missing mass searches.

De Simone, Giudice, Strumia, 2014



Well temper-like 
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦obs for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)
� /⌦obs, and the brown band shows the region

having ⌦(th)
� within ±3� of ⌦obs. Regions above (below) the brown band require an enhancement

(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Arkani-Hamed, Delgado, Giudice, 0601041
Cheung, Hall, Pinner, Ruderman, 1211.4873

Probably similar to the other compressed scenarios. 



Additional scenarios

Simplified models. (More complicated the minimal DM.)  

Introducing new mediators between DM and SM. 

IIT-CAPP-13-06, ANL-HEP-PR-13-38

Dark matter with t-channel mediator: a simple step beyond contact interaction

Haipeng An1, Lian-Tao Wang2, and Hao Zhang3,4,5
1Perimeter Institute, Waterloo, Ontarrio N2L 2Y5, Canada

2Kavli Institute for Cosmological Physics and the Enrico Fermi Institute,
The University of Chicago, 5640 S. Ellis Ave, Chicago, IL 60637

3 Illinois Institute of Technology, Chicago, Illinois 60616-3793, USA
4 High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

5 Department of Physics, University of California, Santa Barbara, California 93106, USA
(Dated: January 2, 2014)

E↵ective contact operators provide the simplest parameterization of dark matter searches at
colliders. However, light mediator can significantly change the sensitivity and search strategies.
Considering simple models of mediators is an important next-step for collider searches. In this
paper, we consider the case of a t-channel mediator. Its presence opens up new contributions to the
monojet+ 6 ET searches and can change the reach significantly. We also study the complementarity
between searches for processes of monojet+ 6 ET and direct pair production of the mediators. There
is a large region of parameter space in which the monojet+ 6 ET search provides the stronger limit.
Assuming the relic abundance of the dark matter is thermally produced within the framework of
this model, we find that in the Dirac fermion dark matter case, there is no region in the parameter
space that satisfies the combined constraint of monojet+ 6 ET search and direct detection; whereas
in the Majorana fermion dark matter case, the mass of dark matter must be larger than about 100
GeV. If the relic abundance requirement is not assumed, the discovery of the t-channel mediator
predicts additional new physics.

PACS numbers: 95.35.+d,95.30.Cq

I. INTRODUCTION

The identity of dark matter (DM) is one of the central
questions in particle physics and cosmology. Many exper-
imental e↵orts are underway to search for the answer. It
is also one of the main physics opportunities of the Large
Hadron Collider (LHC). In recent years, there have been
significant progress in using simple e↵ective field theory
to combine the results of the LHC searches with limits
from direct detection experiments [1–17]. There have also
been earlier studies for similar search channels [18–20].
The contact operator approach is based on the sim-

plified assumption that the particles conducting the in-
teraction between DM and the SM particles are heavy,
and therefore can be integrated out. The constraints on
the energy scale of these e↵ective operators from the LHC
searches are around several hundred GeV scale. However,
with the ability to probe up to TeV energy scale, the uni-
tarity constraints might be violated at the LHC. As a re-
sult, the constraints from contact operator studies cannot
be applied directly to UV complete models. Therefore,
it is useful to consider the case in which the mediator
is lighter and within its energy reach. This would in-
evitably introduce more model dependence. Therefore,
it is useful to consider the simplest extensions first.
One such simple scenario is the so-called “s-channel”

model, in which the scattering of the DM with nucleus
is mediated by the exchange of a mediator particle �, as
shown in the left panel of Fig. 1. At colliders, it can
be produced as a s-channel resonance through the qq̄ !

� ! ��̄ process. Hence, the limit from monojet+ 6 ET
type searches can be a↵ected significantly. At the same
time, direct searches for resonance �, such as in the di-jet

� �

�

q q q q

�

� �

s � channel t � channel
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FIG. 1: Diagrams for direct detection mediated by s-channel
(left panel) and t-channel (mediators).

channel, provides complementary information. This has
been demonstrated in the case that the mediator � is a
massive spin-1 particle [21–23].

In this paper, we consider the other simple possibility
in which the DM nucleus interaction is mediated by go-
ing through a intermediate state. We call this t-channel
mediator. We focus on the cases that the DM is ei-
ther a Dirac or Majorana fermion. In this case, the
light mediator also plays an important (and di↵erent)
role in the collider searches. In particular, it contributes
to the monojet+ 6 ET searches by being directly produced
and decaying into q + �, as shown in (d1-d4) of Fig. 2.
Moreover, in the most monojet+ 6 ET search by the CMS
collaboration [24] , a second hard jet is also allowed to
increase the signal rate. As a result, this search is also
sensitive to the di-jet+ 6 ET processes, especially in the re-
gion where the mediator can be pair-produced. At the
meanwhile, the process of the pair-production of the me-

Muon collider sensitive to mediators which couples to muons.



Search for mediators

12/1/2020 ATLAS_DarkMatter_Summary_ModifiedCoupling.png (1980×1268)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_DarkMatter_Summary_ModifiedCoupling/ATLAS_DarkMatter_Su… 1/1

Typically, direct search for mediators more sensitive. 
Expected to be similar at muon collider.



Inverse problem
If we discover WIMP, how well we can measure its property and verify it 
is the WIMP?


Mass


Spin


Coupling


…


Lepton colliders have advantages (simpler kinematics, cleaner).


Expect muon collider to be effective here as well.

Vast (old) literature for LHC, also studies for ILC, CLIC



And, of course
Portals, valley, dark photon…

However, in terms of dark matter

- The best physics case/target for high energy muon 
collider is to make a decisive statement on the 
WIMP scenario.



Conclusion

High energy muon collider can play 

a decisive role in probing WIMP dark 
matter!



Muon Coll vs others



Signal effciencies
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Figure 14: Reconstruction efficiencies for at least one disappearing track (left panel) and
two disappearing tracks (right panel) with a reconstruction cut dmin

T = 5 cm for various muon
collider center of mass energies as a function of the minimal dark matter mass. The solid and
dashed line represent the Higgsino-like and Wino-like scenarios, respectively.

Higher center of mass energy helps to increase the efficiency for a fixed mass by orders of
magnitude as we are catching more events in the exponential decay tails from the boost.

In the following, we will discuss the experimental identification of the disappearing track
signals. The disappearing track signals of the minimal dark matter are particularly challenging
due to the short lifetimes, especially for Higgsino-like signals, and the moderate-to-low boost
for heavy minimal dark matter particles when their masses are close to the kinematic boundary
mdm ∼

√
s/2. Hence, it is critical to push the limit in the detector design to enhance such

signals. In particular, the number of tracker layers close to the interaction point would be
crucial. Current disappearing track searches at the LHC requires 3 to 4 hits [42, 43] in order
to effectively suppress the backgrounds. New proposals for high-luminosity LHC and FCC-hh
are envisioning two-hit signals while the background is still under control [44]. Hence, we
would anticipate the needs for hitting the track twice or three times for a disappearing track
signal to be identified. Some of the current studies of the detector performance for muon
colliders [45–47] have used a setup in which there are 5 tracker layers from 3 cm to 12.9 cm.
To set a performance target needed for the search of the minimal dark matter, and in the
absence of a concrete design, we will adopt

dmin
T = 5 cm with |ηχ| < 1.5 (3.25)

as the minimal transverse distance for a charged partner of the dark matter to travel and
then to be identified as a disappearing track (with a minimal of 2–3 hits, depending on the
detector design). The dependence of the signal efficiency on the dT is shown in the right panel
of Figure 13.

A unique challenge for a muon collider in identifying the disappearing track signal is the
high level of the beam-induced background. The disappearing tracks would be identified with

– 21 –

Double disp-track signal has lower rate, but better for BIB

As a target/benchmark, use

Apply disappearing track to Drell-Yan mono-photon signal

20(50) signal events for 2(5)σ reach. 



Muon collider scenarios

Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
✓ p

s

10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1

D. Schulte,  Snowmass AF+EF joint meeting

Higher energies,  30 TeV and even higher,  have also been mentioned.

Luminosity benchmark: 



Marching forward

Looking for new species

CF1 Snowmass report 2



Disappearing track search, powerful
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Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the chargino lifetime
(⌧�̃±

1
) and mass (m�̃±

1
). The yellow band shows the 1� region of the distribution of the expected limits. The median

of the expected limits is shown by a dashed line. The red line shows the observed limit and the orange dotted
lines around it show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS
search with disappearing tracks and tracklets [19] and an example of the limit obtained at LEP2 by the ALEPH
experiment [61]. The chargino lifetime as a function of the chargino mass is shown in the almost pure wino LSP
scenario at the two-loop level [62].
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Figure 2: Example diagrams of the benchmark signal processes used in this analysis. In the case of direct char-
gino/neutralino production (a), the signal signature consists of a long-lived chargino, missing transverse momentum
and initial-state radiation. In the case of the strong channel (b), each gluino decays into two quarks and a chargino
or neutralino. A long-lived chargino, missing transverse momentum and multiple quarks, which are observed as
jets, are the signatures of this signal.

or leptons in these events can be reconstructed as a pixel tracklet if they interact with the detector material
and any hits in the tracking detectors after the pixel detector are not assigned to the reconstructed tracklet.
Interactions that contribute to this background include severe multiple-scattering, hadronic interactions
or, in the case of leptons, bremsstrahlung, as shown in figure 3(a) and 3(b). The other main category of
background is from “fake” tracklets, which originate from random combinations of hits from two or more
particles, as shown in figure 3(c).

3.3 Analysis method

Candidate events are required to have large E
miss
T , at least one high-pT jet, and at least one isolated pixel

tracklet. A lepton-veto is used to suppress background events from W /Z + jets and top-pair production
processes. Kinematic requirements, optimised for each channel, are applied to enhance the signal purity
in the event samples. After selection, the search is performed by looking for an excess of candidate events
in the pT distribution of pixel tracklets. The shapes of the pT spectrum for the background from hadrons,
muons, electrons, and fake tracklets are derived from data using dedicated techniques for each background
process. A fit to the observed pT distribution to extract the normalisation of the total background component
and the signal strength is performed simultaneously in a low-Emiss

T control region, two fake-tracklet control
regions, and a high-Emiss

T signal region. The regions are defined by the requirements described in section
5 and in section 6.3. The expected signal spectrum and yield are estimated from simulation and the
measured detector performance. Further details are given in section 6.

5

Challenge: How to cover the Higgsino case?



Direct detection

Hill and Solon, 1309.4902
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D

SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0

� M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0

B@
0 · ·

·
⌧
a

4
�i⌧

a

4

·
i⌧

a

4
⌧
a

4

1

CA� c.c. , Y =

0

B@
0 · ·

· 02
�i12
2

·
i12
2 02

1

CA . (6)

The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21
p
2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0

� mW , im-
plies that the partner state contributes at leading

Scattering process loop induced. 

Large cancellation above two classes of diagrams. 

Prospect for heavy WIMP Searches

 19

✦Major on-going G2 experiments with Noble Liquids, with Liquid Xenon/Argon   
✦Start operational as early as 2020 and for ~5 years 

✦Next generation (G3) experiment DARWIN is under preparation to start ~2025 and run for 10 years. 
✦Expect another 15 years of “neutrino-background free” search for heavy WIMPs

XENON1T

Discovery Limits (Xe) due to CEvNS 

(Ruppin, Billard et al.)

triplet

doublet

Very challenging! 



VBF

(a) (b)

Figure 10: Representative Feynman diagrams for (a) the di-muon signal and (b) the SM
background.

as 1/(pµT )
2 for each tagged muon. Although pµT ∼ MZ for a Z-initiated process, the muons

can still be highly boosted due to the large beam energy, with a scattering angle of the
order θµ ∼ MZ/Eµf [38], likely outside the detector coverage. The energy of the muons
in the low energy-transfer processes is almost the beam energy. For a final state muon to
be observable, our requirement in Equation 3.6 can be translated into sin θ > 0.17 and the
corresponding pT is then O(1) TeV for a 14 TeV muon collider, providing the huge suppression
of background.3 Similarly, this angular requirement also cause some signal efficiency loss. For
heavier EW multiplets, due to the large momentum transfer, and lower final state muon
energy, the efficiency loss due to the angular cut is much less severe.4

The leading irreducible background is

µ+µ− → µ+µ−νν̄. (3.17)

The dominant contributions are from both γ∗γ∗, γ∗Z,ZZ fusion processes as well as ZZ →
µ+µ− νν̄, as shown in Figure 10(b). To suppress the large non-fusion background primarily
from a Z decay to leptons, the muons are required to have

mµ+µ− > 300 GeV, mmissing = (pinµ+ + pinµ− − poutµ+ − poutµ− )2 > 4m2
χ. (3.18)

In Figure 9(a), we show the cross sections for the signal processes with a variety of the EW
multiplets. We see that the cross sections span over a large range and at a fixed muon collider
energy, fall as high power of the EW multiplet mass. For comparison, the background cross
section is also shown as the curve on top. In Figure 9(b), we show the statistical significance
of the di-muon signals.

3One can go beyond our conservative assumption of effective experimental detector coverage of |η| < 2.5

(correspond to 10◦ < θ < 170◦), and try to tag muons in the more forward regions if advanced detector
designs allows for it. Covering the forward region will improve the signal efficiency and help further separating
different types of background for the searches discussed in this section.

4This can also be seen in Figure 8 for the signal energy and angular distribution, although it is strictly for
the process where only one final state muon is detectable.
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Figure 11: (a) Total cross section and (b) the significance defined in Equation 3.9 for a pair
of EW multiplets plus di-muon at a muon collider with

√
s = 14 TeV. In (b) the solid and

dashed lines correspond to the systematic uncertainties of 0% and 0.5%, respectively.

3.4 Disappearing tracks and other signatures

In our phenomenological analyses thus far, we have considered the most pessimistic scenario
that all the members of an EW multiplet cannot be detected after being produced, yielding a
large missing mass. With a pair of missing particles in the final state and an unknown mass,
the signal events cannot be fully kinematically reconstructed. In this sense, the “minimal
dark matter” under consideration serves as a “nightmare” scenario for weakly interacting dark
matter. In this section, we take a step beyond the inclusive signals.

First, we briefly summarize the mass splittings and transition rates between different
states, validating the assumption that the EW multiplets cannot be reconstructed as SM
particle objects. Furthermore, the charged ±1 states have a macroscopic lifetime in collider
detectors, resulting in a “disappearing track” upon its decay which is an additional unusual
signature to enhance the reach. Afterwards, we proceed with some basic considerations of
properties of the “disappearing track” signatures at a high energy muon collider, and provide
an estimate of the sensitivity reach from the mono-photon plus “disappearing track”. In the last
part of this section, we comment on the backgrounds and possible new signatures to explore
in the future. Ultimately, the collider design and the detector performance will dictate the
reach for this kind of searches. Being at this very early stage on planning for a high energy
muon collider, we will focus on the performance target and highlight the challenges to achieve
those goals. We show the enhancement of the reach if such goals are achieved with the main
purpose for motivating the design effort.

For the EW multiplet minimal dark matter, EW-loop effects induce a universal mass
splitting among the component states [19, 20, 22–24]. At the 1-loop order and in the limit of
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Inclusive missing mass 
searches

to be small, typically of the order of a few hundred MeV, the decay products will be very
soft, most likely escaping the detection. In this case, the main signal at high energy muon
colliders is large missing energy-momenta. We note that, unlike in the high energy hadronic
collisions where only the missing transverse momenta can be reconstructed by the momentum
conservation, the four-momentum of the missing particle system can be fully determined in
leptonic collisions because of the well-constrained kinematics. Importantly, a large missing
invariant mass can be inferred. We thus introduce the “missing mass” defined as

m2
missing ≡ (pµ+ + pµ− −

∑

i

pobsi )2, (3.1)

where pµ+ , pµ− are the momenta for the initial colliding beams, and pobsi is the momentum
for the ith final state particle observed. If the EW multiplet particles are not detected,
mmissing for the signal will have a threshold at twice the dark matter mass. We thus call this
characteristic signature the “missing-mass” signal. In the first part of our analyses, we focus on
the missing-mass signature in three leading channels, namely the mono-photon plus missing
mass in subsection 3.1, a novel channel of mono-muon plus missing mass in subsection 3.2, and
VBF di-muon plus missing mass in subsection 3.3. We shall see that these three channels are
complimentary to each other. In particular, the mono-muon channel provides very competitive
sensitivities for EW multiplets for the doublet and the triplets, enabling coverage for the
thermal targets with relatively lower center of mass energies of the muon collider. There are
also dedicated studies in the search for the exotic signatures at hadron colliders, such as the
disappearing track signal, which could help to significantly enhance the reach. While being
susceptible to the beam induced background (BIB), we do expect these set of signals, being
quite unique to this class of models, will play an important role in the searches at muon
colliders, and we discuss them in detail in subsection 3.4.

The signal and background have been generated using the Monte Carlo generator MadGraph [34].
The EW multiplet model files are generated using FeynRules [35] with many properties cross-
checked with our own calculation. While there is no concrete design for a detector at the
muon collider yet, due to the need of shielding, we conservatively assume that the detector
would have good coverage in the range of 10◦ − 170◦. As we will describe in detail later,
we are focusing on energetic photons and muons as our main final states. For these objects,
we assume the beam induced and other detector generated background will not significantly
affect the particle ID and reconstruction quality after the reconstructed object surpassing 10s
of GeV of energy threshold.

In the rest of this section, we describe the main channels for the EW multiplet production
and their SM backgrounds included in our study and report the reach.

3.1 Mono-Photon

We first consider the mono-photon signal. The members of the electroweak multiplet, both
charged and neutral, can be produced either via s-channel γ and Z or via the vector boson
fusion processes. The charged states will in turn decay into the lightest state and some soft
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Figure 4: Kinematic distributions for the mono-photon process at
√
s = 14 TeV with cuts in

Equation 3.6, for (a) the energy distributions of the photon for the background and two repre-
sentative benchmarks for 7-plet (1, 7, ε) with mχ = 1 TeV (blue) and 3 TeV (red), respectively;
(b) the angular distributions of the photon for the background and two representative bench-
marks for doublet (1, 2, 1/2) (blue) and 7-plet (1, 7, ε) (red) with mχ = 1 TeV; (c) normalized
missing-mass distributions for the signals and backgrounds.

this channel alone for the 5-plet EW DM to its thermal target mass of 6.6 TeV with about 50
ab−1. The coverage for the higher representation of the 7-plet would be better.

We note that the signal-to-background ratio is low in this channel, S/B < 10−2, which
demands a very good control of the systematic error. The theoretical uncertainties are an-
ticipated to be small with higher order calculations of the electroweak process. With a large
event sample, typically about 107 background events, it is hopeful that the systematics can
be modeled by a sideband with similar rate to control the error to be less than 10−3.
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