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A SIMPLEST EXPLANATION FOR ITS 
PRODUCTION

Following equilibrium thermodynamics 
the number density of a specie can be 

predicted at all times it is in equilibrium. 
Once it drops out from equilibrium  

freezes out and the relic density is fixed. 
Y
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THE WIMP “CATALOG”
Following equilibrium thermodynamics 
the number density of a specie can be 

predicted at all times it is in equilibrium. 
Once it drops out from equilibrium  

freezes out and the relic density is fixed. 
Y

Ωnr ∼
1

σann
∼

M2

Cn ⋅ g2

weak charge of the DM

σann < perturbative unitarity

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1
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for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.
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Direct Production

WIMPs are clearly “muon collider material”

Indirect effects
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A STILL SIMPLE EXPLANATION FOR ITS 
PRODUCTION

Following equilibrium thermodynamics 
the number density of a specie can be 

predicted at all times it is in equilibrium. 
Once it drops out from equilibrium  

freezes out and the relic density is fixed. 
Y
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AN “INTERPOLATOR” MODEL

If Dark Matter feels SM weak interactions we can use the general -plet WIMP to measure how well we are able to test this 
hypothesis and possibly discover or exclude one or several or the whole category of DM candidates.

n

Ωnr ∼
1

σann
∼

M2

Cn ⋅ g2

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
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�
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i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are
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for scalars and fermions, respectively, where Dµ = @µ �

ig2W
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�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],
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combination of two real representations, while �i�j is symmetric.
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given n the mass is predicted
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How to thoroughly test it?

•Produce WIMPs in the lab 

•Detect a WIMPs from natural source (big-bang) 

•Observe WIMPs interactions (annihilation) 

•Future Colliders sensitive to O(100) TeV  

•Upcoming T Xe detectors 

•Upcoming Cosmic Rays observatories

n

AFTER DECADES OF WIMPs WE MIGHT 
START TO SEE THE END OF THE WAY (!)

Goodman and Witten 1985
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INDIRECT DETECTION

Annihilation in the astrophysical environment result in high-energy 
SM particle, which can be detector by cosmic rays observatories.

   31 Page 14 of 28 Eur. Phys. J. C            (2022) 82:31 

Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π

16
α2

2

mWm2
h

, (38)

f EW
G ≃ − (n2 − 1)

192
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2αs

mW

(∑
q κq

m2
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+ 1

m2
W

)

, (39)

gEW
q ≃ − (n2 − 1)π

24
α2

2

m3
W

, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)

123

The signature depends on DM mass, possible resonant 
bound states formation and DM density profile
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An excess on monochromatic multi-TeV photons would be quite 
convincing evidence of DM. The model can be even tested by the 
presence of multiple “lines” from bound states annihilations and 

lower energy de-excitation

Summary

Freeze-out predictions  
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π

16
α2

2

mWm2
h

, (38)

f EW
G ≃ − (n2 − 1)
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W

)

, (39)

gEW
q ≃ − (n2 − 1)π

24
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2
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W

, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)

123
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π
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, (38)
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G ≃ − (n2 − 1)
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, (39)
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, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)
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DIRECT DETECTION

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation (many 
excesses in the past in this type of experiments, though most were at the lowest accessible masses)

2030s
up to O(PeV)

Goodman and Witten 1985
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Direct Detection  
excludes elastic Z-interactions
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Fig. 8 In dark green we show the present constraints from XENON-
1T [83] and PandaX-4T [84], the green dashed line shows the reach
of LZ [85] and the brown green dot-dashed line the ultimate reach of
DARWIN [19]. The light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [86]. Left: expected spin independent
(SI) direct detection cross-section for Majorana n-plets (red) and for
real scalar n-plets (blue) (assuming the Higgs portal coupling λH = 0).

The vertical error bands correspond to LQCD uncertainties on the elastic
cross-section in Eq. (41) while the horizontal error band comes from the
theory determination of the WIMP freeze out mass. Right: current and
future reach on the Higgs portal quartic λH defined in Eq. (1) for scalar
DM. In the shaded dark red region the quartic modifies the freeze-out
cross-section byO(1) or more. The dashed red contours indicate smaller
ratios of the Higgs-portal and the EW annihilation cross-sections

with fN ≃ 0.31 obtained from lattice QCD results (see [95]
for a more detailed discussion on the scalar triplet). In the
right panel of Fig. 8 we show the regions of parameter-
space where the Higgs-portal interaction can be tested in
direct detection. The requirement of not significantly affect-
ing the freeze-out dynamics bounds the annihilation cross-
section induced by the Higgs portal to be smaller than the
EW cross-section, σ H

ann/σ
EW
ann ! 1, which results in an upper

bound on the quartic coupling λH shown by the red shad-
ing in Fig. 8. An estimate for this bound can be obtained
by comparing the hard annihilation cross-sections, and reads
λ2
H ! (n2 − 3)(n2 − 1)g4

2/8. Interestingly, XENON1T and
PANDAX-4T already exclude a large part of the region where
the Higgs portal inducesO(1)modifications of the freeze-out
predictions, while LZ will completely exclude this possibil-
ity.

7 Conclusions

After many years of hard experimental and theoretical work,
the possibility that Dark Matter is part of an EW multiplet
is still open and deserves theoretical attention in view of the
future plans for experimental searches. In this paper we made
a first step in sharpening the theoretical predictions comput-
ing all the calculable thermal WIMP masses for real EW rep-
resentations with vanishing hypercharge. We included both
Sommerfeld enhancement and bound-state-formation effects
at LO in gauge boson exchange and emission. Our results are
summarized in Table 1.

We find that the largest calculable SU(2) n-plet at LO is
the 13-plet, which is as heavy as 350 TeV. Stronger require-
ments about the perturbativity of the EW sector up at high

scales can further lower the number of viable candidates.
We consistently assign a theory error to our predictions by
estimating the NLO corrections to the SE. The latter dom-
inate the theory uncertainty for n ≥ 7, while for n = 5
the error is dominated by the approximate treatment of EW
symmetry-breaking effects in the computation of the BSF
cross-sections.

Given the updated mass predictions from thermal freeze-
out, we re-examined various phenomenological probes of
WIMP DM.

High energy lepton colliders in the 10–30 TeV range, such
as a future muon collider, can directly produce EW multiplets
with n ≤ 5. In order to probe a Majorana fermion with n = 3
(n = 5) with missing-mass searches, a collider with at least√
s ∼ 12 TeV (

√
s ∼ 35 TeV) and the baseline integrated

luminosity of Eq. (24) would be required. The highest mass
reach is obtained by means of an inclusive mono-W search.

Interestingly, disappearing tracks originating from the
decay of the singly-charged state into the neutral one are
robust predictions of real EW multiplets with Y = 0, and
ameliorate the sensitivity for the 3-plet compared to missing-
mass searches. For the 5-plet we find the expected sensitiv-
ity of disappearing tracks to be very similar to the one of
missing-mass searches due to the shorter average lifetime of
the tracks.

Scalar WIMPs can not be probed through missing-mass
searches, due to their smaller production cross-section. How-
ever, disappearing tracks searches are very powerful tests
even for scalar multiplets, thanks to their very low back-
ground contamination. This signature is therefore a crucial
ingredient to fully explore the parameter space of thermally
produced WIMP Dark Matter at future colliders.
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-

20 GeV signal injection

10
0 G

eV
 si

gn
al 

inj
ec

tio
n

2203.02309

insensitive to  mass, urgent need for high-energy collidersχ

https://indico.cern.ch/event/1313131/


Roberto  Franceschini  - Muon Collider Physics Benchmarks Worksop - Pittsburgh  18-11-23 https://indico.cern.ch/event/1313131/

DIRECT DETECTION

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation (many 
excesses in the past in this type of experiments, though most were at the lowest accessible masses)
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Fig. 8 In dark green we show the present constraints from XENON-
1T [83] and PandaX-4T [84], the green dashed line shows the reach
of LZ [85] and the brown green dot-dashed line the ultimate reach of
DARWIN [19]. The light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [86]. Left: expected spin independent
(SI) direct detection cross-section for Majorana n-plets (red) and for
real scalar n-plets (blue) (assuming the Higgs portal coupling λH = 0).

The vertical error bands correspond to LQCD uncertainties on the elastic
cross-section in Eq. (41) while the horizontal error band comes from the
theory determination of the WIMP freeze out mass. Right: current and
future reach on the Higgs portal quartic λH defined in Eq. (1) for scalar
DM. In the shaded dark red region the quartic modifies the freeze-out
cross-section byO(1) or more. The dashed red contours indicate smaller
ratios of the Higgs-portal and the EW annihilation cross-sections

with fN ≃ 0.31 obtained from lattice QCD results (see [95]
for a more detailed discussion on the scalar triplet). In the
right panel of Fig. 8 we show the regions of parameter-
space where the Higgs-portal interaction can be tested in
direct detection. The requirement of not significantly affect-
ing the freeze-out dynamics bounds the annihilation cross-
section induced by the Higgs portal to be smaller than the
EW cross-section, σ H

ann/σ
EW
ann ! 1, which results in an upper

bound on the quartic coupling λH shown by the red shad-
ing in Fig. 8. An estimate for this bound can be obtained
by comparing the hard annihilation cross-sections, and reads
λ2
H ! (n2 − 3)(n2 − 1)g4

2/8. Interestingly, XENON1T and
PANDAX-4T already exclude a large part of the region where
the Higgs portal inducesO(1)modifications of the freeze-out
predictions, while LZ will completely exclude this possibil-
ity.

7 Conclusions

After many years of hard experimental and theoretical work,
the possibility that Dark Matter is part of an EW multiplet
is still open and deserves theoretical attention in view of the
future plans for experimental searches. In this paper we made
a first step in sharpening the theoretical predictions comput-
ing all the calculable thermal WIMP masses for real EW rep-
resentations with vanishing hypercharge. We included both
Sommerfeld enhancement and bound-state-formation effects
at LO in gauge boson exchange and emission. Our results are
summarized in Table 1.

We find that the largest calculable SU(2) n-plet at LO is
the 13-plet, which is as heavy as 350 TeV. Stronger require-
ments about the perturbativity of the EW sector up at high

scales can further lower the number of viable candidates.
We consistently assign a theory error to our predictions by
estimating the NLO corrections to the SE. The latter dom-
inate the theory uncertainty for n ≥ 7, while for n = 5
the error is dominated by the approximate treatment of EW
symmetry-breaking effects in the computation of the BSF
cross-sections.

Given the updated mass predictions from thermal freeze-
out, we re-examined various phenomenological probes of
WIMP DM.

High energy lepton colliders in the 10–30 TeV range, such
as a future muon collider, can directly produce EW multiplets
with n ≤ 5. In order to probe a Majorana fermion with n = 3
(n = 5) with missing-mass searches, a collider with at least√
s ∼ 12 TeV (

√
s ∼ 35 TeV) and the baseline integrated

luminosity of Eq. (24) would be required. The highest mass
reach is obtained by means of an inclusive mono-W search.

Interestingly, disappearing tracks originating from the
decay of the singly-charged state into the neutral one are
robust predictions of real EW multiplets with Y = 0, and
ameliorate the sensitivity for the 3-plet compared to missing-
mass searches. For the 5-plet we find the expected sensitiv-
ity of disappearing tracks to be very similar to the one of
missing-mass searches due to the shorter average lifetime of
the tracks.

Scalar WIMPs can not be probed through missing-mass
searches, due to their smaller production cross-section. How-
ever, disappearing tracks searches are very powerful tests
even for scalar multiplets, thanks to their very low back-
ground contamination. This signature is therefore a crucial
ingredient to fully explore the parameter space of thermally
produced WIMP Dark Matter at future colliders.
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-
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FIG. 2. Expected SI cross-sections for Dirac (blue) and com-
plex scalar n-plets (red) for each representation, neglecting
the contributions from the Higgs portals. The vertical error
bands correspond to the propagation of LQCD uncertainties
on the elastic cross-section (30), while the horizontal error
band comes from the theory determination of the WIMP freeze
out mass. In dark green we show the present experimental
contraints from XENON-1T [? ] and PandaX-4T [? ], the
green dashed line shows the reach of LZ [? ] and the brown
green dot-dashed line the ultimate reach of DARWIN [? ].
Finally, the light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [? ].

allowed by both the DD and the BBN bounds are com-
pared with the experimental bounds. A large exposure
experiment like DARWIN [? ] is in principle able to
exclude all the candidates with even n � 4, similarly to
what we have found for the real WIMP candidates in our
previous work [? ]. The only exceptions are the n = 2
WIMPs, whose SI cross-sections lie below the neutrino
floor [? ] and which are thus invisible to DD experi-
ments. The physical reason of this fact is the possible
cancellation that can occur between the various terms in
Eq. (31). For illustrative purposes, in Figure 3 we show
the SI cross sections for the values of {n, Y } of interest,
by keeping the Higgs mass as a free parameter. This plot
is a sort of update of the ones in [? ]. The first observa-
tion is that the n = 2 candidates are a↵ected by a huge
cancellation for the measured value of the Higgs mass.
On the contrary, for what concerns the even n � 4 rep-
resentations the entity of the cancellation is very similar
to what we have found for the real WIMP candidates in
our previous work [? ].

To summarize, we recall that in the SI cross-sections
shown in Figure 2 we have not included the contribution
from the Higgs portals. This is for sure a good approxi-
mation for the portals responsible for the charged-neutral
mass splitting. We anticipate here that in the non-
minimal splitting scenarion, instead, the Higgs-mediated
SI cross-sections sourced by the neutral-mixing operators
are again negligible in the scalar case, while in general can
give contributions to the fermionic cross-sections compa-
rable with the ones from EW loops.

[LV: Final paragraph on collider] For the above
reasons, it’s interesting to test the minimal splitting sce-
nario at colliders, especially for n = 2. The kinematic
constrain of pair producing the DM particles makes direct

FIG. 3. Spin-Independent (SI) cross section �SI as a function
of the Higgs mass mh for various choices of the couple {n, Y },
allowed by both the DD and the BBN constraints. [LV: To
be shown? If yes, no {3.1}]

searches at colliders of energies
p
s  14 TeV impossible

for n � 6. For the n < 6 candidates, the two strate-
gies available are the missing invariant mass (MIM) and
disappearing tracks (DT) searches. The former is essen-
tially independent on the splitting values: the needed col-
lider energies for DM pair production are O(1÷10) TeV,
much larger than the maximum generated splitting. We
will focus on these searches in the more general case of
Sec.IV and App.C. The DT searches in general require,
at fixed MDM, a scan in the (�m0, �m+) to compute the
signal. In general it’s not possible to neglect one of the
two splittings because the signal depends exponentially
on the lifetime of the charged particles, which are deter-
mined by a combination of both �m0, �m+, with a cubic
or quintic power depending on the kinematic threshold.
More importantly, the value of the two splittings deter-
mine the mass hierarchy of the particles in the multiplet:
this changes the expression of the track cross section.
In the minimal splitting case many of these subtleties
can be avoided: indeed for n < 6, the minimal splitting
between the neutral particles is of order O(100) KeV.
Prospected geometries for detectors at muon colliders en-
vision the position of the second double layer of the inner
tracker (the minimum needed to reconstruct a tracklet)
at roughly 5 cm from the interaction point [? ]. The dis-
appearing condition translates to decaying before reach-
ing the outer part of the tracker, which translates in the
proposed geometry to decaying before roughly 13 cm. By
estimating the lifetime of a charged particle with splitting
with the DM � as:

� =
GF �

3

8⇡
(32)

equating c⌧ = ��1 to the decay volume boundaries gives
� ⇠ O(100) MeV, much larger than the minimal split-
ting between the neutral particles. Therefore in the min-
imal splitting limit we can neglect �m0 and simply scan
over �m+. Following [? ], we employ two di↵erent DT
signal regions: i)events with at least one disappearing
track in addition to a hard photon with energy E� > 25
GeV, ii) events with two disappearing tracks, one of
which is short, and the hard photon. The former has
a signal-to-noise ratio of order 1, while the latter is back-
ground free. To compute the number of expected events,

DIRECT DETECTION

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation 
(many excesses in the past in this type of experiments, though most were at the lowest 
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FIG. 3. Expected SI cross-sections for di↵erent complex WIMPs for minimal splitting as defined in Sec. III. The blue
dots correspond to Dirac WIMPs and the red dots to complex scalar WIMPs. The vertical error bands correspond to
the propagation of LQCD uncertainties on the elastic cross-section (Eq. 18), while the horizontal error band comes from
the uncertainty in the theory determination of the WIMP freeze out mass in Table I. The light green shaded region
is excluded by the present experimental contraints from XENON-1T [36] and PandaX-4T [5], the green dashed lines
shows the expected 95% CL reach of LZ/Xenon-nT [8, 9] and DARWIN [10, 11].

A. Direct Detection prospects

The spin independent scattering cross-section �SI

of DM on nuclei receives two contributions: i) from
purely EW loop diagrams ii) from Higgs mediated
tree-level diagrams generated by bothO0 andO+. For
minimal splitting Higgs mediated scattering is sub-
dominant and �SI can be computed by considering
only EW loop diagrams.

Following [17, 42], the Lagrangian describing the

spin-independent (SI) DM interactions with quarks
and gluons is

L SI

e↵
= fqmq�̄�q̄q+

gq

MDM
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quark twist-2 operator. The Wilson coe�cients are
given by [17]
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where mh is the mass of the Higgs and c =
1.32, b = 1.19, t = 1. Furthermore we have de-
fined a

V

q
= T3q/2 � Qqs

2
w
, aA

q
= �T3q/2 with cw, sw

being the cosine and the sine of the Weinberg angle,
respectively. The terms proportional to Y correspond
to the exchange of Z bosons inside the EW loops.

After the IR matching of these interactions at the
nucleon scale [42], we can express �SI per nucleon (for
MDM � mN ) as

�SI '
4
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m
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N
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2
, (18)

where mN is the mass of the nucleon and
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where the nucleon form factors are defined as
fTq = hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq,

and hN(p)|Oq

µ⌫
|N(p)i = (pµp⌫ �

1

4
m

2

N
gµ⌫)(q(2) +

q̄(2))/mN , and q(2), q̄(2) are the second moments of
the parton distribution functions for a quark or an-
tiquark inside the nucleon [17]. The values of these
form factors are taken from the results of direct com-
putation on the lattice, as reported by the FLAG Col-

simple -plet scenarios can evade Direct Detection2n
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FIG. 2. Expected SI cross-sections for Dirac (blue) and com-
plex scalar n-plets (red) for each representation, neglecting
the contributions from the Higgs portals. The vertical error
bands correspond to the propagation of LQCD uncertainties
on the elastic cross-section (30), while the horizontal error
band comes from the theory determination of the WIMP freeze
out mass. In dark green we show the present experimental
contraints from XENON-1T [? ] and PandaX-4T [? ], the
green dashed line shows the reach of LZ [? ] and the brown
green dot-dashed line the ultimate reach of DARWIN [? ].
Finally, the light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [? ].

allowed by both the DD and the BBN bounds are com-
pared with the experimental bounds. A large exposure
experiment like DARWIN [? ] is in principle able to
exclude all the candidates with even n � 4, similarly to
what we have found for the real WIMP candidates in our
previous work [? ]. The only exceptions are the n = 2
WIMPs, whose SI cross-sections lie below the neutrino
floor [? ] and which are thus invisible to DD experi-
ments. The physical reason of this fact is the possible
cancellation that can occur between the various terms in
Eq. (31). For illustrative purposes, in Figure 3 we show
the SI cross sections for the values of {n, Y } of interest,
by keeping the Higgs mass as a free parameter. This plot
is a sort of update of the ones in [? ]. The first observa-
tion is that the n = 2 candidates are a↵ected by a huge
cancellation for the measured value of the Higgs mass.
On the contrary, for what concerns the even n � 4 rep-
resentations the entity of the cancellation is very similar
to what we have found for the real WIMP candidates in
our previous work [? ].

To summarize, we recall that in the SI cross-sections
shown in Figure 2 we have not included the contribution
from the Higgs portals. This is for sure a good approxi-
mation for the portals responsible for the charged-neutral
mass splitting. We anticipate here that in the non-
minimal splitting scenarion, instead, the Higgs-mediated
SI cross-sections sourced by the neutral-mixing operators
are again negligible in the scalar case, while in general can
give contributions to the fermionic cross-sections compa-
rable with the ones from EW loops.

[LV: Final paragraph on collider] For the above
reasons, it’s interesting to test the minimal splitting sce-
nario at colliders, especially for n = 2. The kinematic
constrain of pair producing the DM particles makes direct

FIG. 3. Spin-Independent (SI) cross section �SI as a function
of the Higgs mass mh for various choices of the couple {n, Y },
allowed by both the DD and the BBN constraints. [LV: To
be shown? If yes, no {3.1}]

searches at colliders of energies
p
s  14 TeV impossible

for n � 6. For the n < 6 candidates, the two strate-
gies available are the missing invariant mass (MIM) and
disappearing tracks (DT) searches. The former is essen-
tially independent on the splitting values: the needed col-
lider energies for DM pair production are O(1÷10) TeV,
much larger than the maximum generated splitting. We
will focus on these searches in the more general case of
Sec.IV and App.C. The DT searches in general require,
at fixed MDM, a scan in the (�m0, �m+) to compute the
signal. In general it’s not possible to neglect one of the
two splittings because the signal depends exponentially
on the lifetime of the charged particles, which are deter-
mined by a combination of both �m0, �m+, with a cubic
or quintic power depending on the kinematic threshold.
More importantly, the value of the two splittings deter-
mine the mass hierarchy of the particles in the multiplet:
this changes the expression of the track cross section.
In the minimal splitting case many of these subtleties
can be avoided: indeed for n < 6, the minimal splitting
between the neutral particles is of order O(100) KeV.
Prospected geometries for detectors at muon colliders en-
vision the position of the second double layer of the inner
tracker (the minimum needed to reconstruct a tracklet)
at roughly 5 cm from the interaction point [? ]. The dis-
appearing condition translates to decaying before reach-
ing the outer part of the tracker, which translates in the
proposed geometry to decaying before roughly 13 cm. By
estimating the lifetime of a charged particle with splitting
with the DM � as:

� =
GF �

3

8⇡
(32)

equating c⌧ = ��1 to the decay volume boundaries gives
� ⇠ O(100) MeV, much larger than the minimal split-
ting between the neutral particles. Therefore in the min-
imal splitting limit we can neglect �m0 and simply scan
over �m+. Following [? ], we employ two di↵erent DT
signal regions: i)events with at least one disappearing
track in addition to a hard photon with energy E� > 25
GeV, ii) events with two disappearing tracks, one of
which is short, and the hard photon. The former has
a signal-to-noise ratio of order 1, while the latter is back-
ground free. To compute the number of expected events,

DIRECT DETECTION

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation 
(many excesses in the past in this type of experiments, though most were at the lowest 
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dots correspond to Dirac WIMPs and the red dots to complex scalar WIMPs. The vertical error bands correspond to
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A. Direct Detection prospects

The spin independent scattering cross-section �SI

of DM on nuclei receives two contributions: i) from
purely EW loop diagrams ii) from Higgs mediated
tree-level diagrams generated by bothO0 andO+. For
minimal splitting Higgs mediated scattering is sub-
dominant and �SI can be computed by considering
only EW loop diagrams.

Following [17, 42], the Lagrangian describing the

spin-independent (SI) DM interactions with quarks
and gluons is
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given by [17]
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where mh is the mass of the Higgs and c =
1.32, b = 1.19, t = 1. Furthermore we have de-
fined a

V

q
= T3q/2 � Qqs

2
w
, aA

q
= �T3q/2 with cw, sw

being the cosine and the sine of the Weinberg angle,
respectively. The terms proportional to Y correspond
to the exchange of Z bosons inside the EW loops.

After the IR matching of these interactions at the
nucleon scale [42], we can express �SI per nucleon (for
MDM � mN ) as

�SI '
4

⇡
m
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N
|k
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N
|
2
, (18)

where mN is the mass of the nucleon and
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where the nucleon form factors are defined as
fTq = hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq,

and hN(p)|Oq

µ⌫
|N(p)i = (pµp⌫ �

1

4
m

2

N
gµ⌫)(q(2) +

q̄(2))/mN , and q(2), q̄(2) are the second moments of
the parton distribution functions for a quark or an-
tiquark inside the nucleon [17]. The values of these
form factors are taken from the results of direct com-
putation on the lattice, as reported by the FLAG Col-
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FIG. 6. Direct Detection and collider signatures in the plane �m0 vs. �mQM from the 21/2 (upper left), 31 (upper right)
41/2 (lower left) and 51 (lower right). The green shaded regions are excluded by current DD constraints on inelastic DM
at small �m0 and on Higgs-exchange elastic scattering at large splittings. Gray hatched regions are excluded by BBN
constraints on the longest lived unstable particle in the multiplet. Red dashed lines delimit the range of perturbative
mass splitting at fixed ⇤UV/MDM ratio. Light blue shaded patches are not viable because the lightest WIMP in the
n-plet is not the neutral one. Dashed green lines show prospects from future high exposure xenon experiments: LZ,
DARWIN and DARWIN/G3 (arrows pointing to the direction of the expected probed region). In the gray shaded region
the DD signal falls below the neutrino floor of xenon experiments [11, 16]. The vertical Xenon1T-high energy line show
the ultime reach of xenon experiments on inelastic DM (see Fig. 1). Xenon Blue and black dashed lines corresponds
to di↵erent expected lengths of charged tracks. Accordingly, di↵erent hues of brown distinguish regions where di↵erent
signatures at future colliders are expected. The dashed gray line shows the EW value of �mQM . Purple dashed lines
show the contours of the fine-tuning among the di↵erent mass splittings as defined in Eq. 12. Mass splittings above the
F.T.=1 line are not fine tuned.

B. Collider searches

The splittings �m0, �mQM determine the lifetime of
the charged components of the EW multiplet, which
are pivotal to understand the viable collider signa-
tures. In what follows we take as reference the detec-
tor geometry proposed in [18] and we classify the pa-

rameter space (�m0, �mQM ) in various regions accord-
ing to the lifetime ⌧LCP of the Longest Lived Charged
Particle (LCP) of a given multiplet.

For c⌧LCP > 1 m the LCP gives long charged tracks
(CT) with an average length roughly corresponding to
the middle layer of the outer tracker. The SM back-
ground processes for this “long” track with anomalous
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DIRECT DETECTION

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.
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FIG. 6. Direct Detection and collider signatures in the plane �m0 vs. �mQM from the 21/2 (upper left), 31 (upper right)
41/2 (lower left) and 51 (lower right). The green shaded regions are excluded by current DD constraints on inelastic DM
at small �m0 and on Higgs-exchange elastic scattering at large splittings. Gray hatched regions are excluded by BBN
constraints on the longest lived unstable particle in the multiplet. Red dashed lines delimit the range of perturbative
mass splitting at fixed ⇤UV/MDM ratio. Light blue shaded patches are not viable because the lightest WIMP in the
n-plet is not the neutral one. Dashed green lines show prospects from future high exposure xenon experiments: LZ,
DARWIN and DARWIN/G3 (arrows pointing to the direction of the expected probed region). In the gray shaded region
the DD signal falls below the neutrino floor of xenon experiments [11, 16]. The vertical Xenon1T-high energy line show
the ultime reach of xenon experiments on inelastic DM (see Fig. 1). Xenon Blue and black dashed lines corresponds
to di↵erent expected lengths of charged tracks. Accordingly, di↵erent hues of brown distinguish regions where di↵erent
signatures at future colliders are expected. The dashed gray line shows the EW value of �mQM . Purple dashed lines
show the contours of the fine-tuning among the di↵erent mass splittings as defined in Eq. 12. Mass splittings above the
F.T.=1 line are not fine tuned.

B. Collider searches

The splittings �m0, �mQM determine the lifetime of
the charged components of the EW multiplet, which
are pivotal to understand the viable collider signa-
tures. In what follows we take as reference the detec-
tor geometry proposed in [18] and we classify the pa-

rameter space (�m0, �mQM ) in various regions accord-
ing to the lifetime ⌧LCP of the Longest Lived Charged
Particle (LCP) of a given multiplet.

For c⌧LCP > 1 m the LCP gives long charged tracks
(CT) with an average length roughly corresponding to
the middle layer of the outer tracker. The SM back-
ground processes for this “long” track with anomalous

11

0.1 0.5 1 5 10 50

500

1000

5000

1×104

5×104

1×105

NEUTRINO FLOOR

PANDAX-4T
XENON1T

F.T.=1

FIG. 6. Direct Detection and collider signatures in the plane �m0 vs. �mQM from the 21/2 (upper left), 31 (upper right)
41/2 (lower left) and 51 (lower right). The green shaded regions are excluded by current DD constraints on inelastic DM
at small �m0 and on Higgs-exchange elastic scattering at large splittings. Gray hatched regions are excluded by BBN
constraints on the longest lived unstable particle in the multiplet. Red dashed lines delimit the range of perturbative
mass splitting at fixed ⇤UV/MDM ratio. Light blue shaded patches are not viable because the lightest WIMP in the
n-plet is not the neutral one. Dashed green lines show prospects from future high exposure xenon experiments: LZ,
DARWIN and DARWIN/G3 (arrows pointing to the direction of the expected probed region). In the gray shaded region
the DD signal falls below the neutrino floor of xenon experiments [11, 16]. The vertical Xenon1T-high energy line show
the ultime reach of xenon experiments on inelastic DM (see Fig. 1). Xenon Blue and black dashed lines corresponds
to di↵erent expected lengths of charged tracks. Accordingly, di↵erent hues of brown distinguish regions where di↵erent
signatures at future colliders are expected. The dashed gray line shows the EW value of �mQM . Purple dashed lines
show the contours of the fine-tuning among the di↵erent mass splittings as defined in Eq. 12. Mass splittings above the
F.T.=1 line are not fine tuned.

B. Collider searches

The splittings �m0, �mQM determine the lifetime of
the charged components of the EW multiplet, which
are pivotal to understand the viable collider signa-
tures. In what follows we take as reference the detec-
tor geometry proposed in [18] and we classify the pa-

rameter space (�m0, �mQM ) in various regions accord-
ing to the lifetime ⌧LCP of the Longest Lived Charged
Particle (LCP) of a given multiplet.

For c⌧LCP > 1 m the LCP gives long charged tracks
(CT) with an average length roughly corresponding to
the middle layer of the outer tracker. The SM back-
ground processes for this “long” track with anomalous

11

0.2 0.5 1 2

1000

1500

2000

2500

NEUTRINO FLOOR

DARWIN/G3 (1 kton year)

FIG. 6. Direct Detection and collider signatures in the plane �m0 vs. �mQM from the 21/2 (upper left), 31 (upper right)
41/2 (lower left) and 51 (lower right). The green shaded regions are excluded by current DD constraints on inelastic DM
at small �m0 and on Higgs-exchange elastic scattering at large splittings. Gray hatched regions are excluded by BBN
constraints on the longest lived unstable particle in the multiplet. Red dashed lines delimit the range of perturbative
mass splitting at fixed ⇤UV/MDM ratio. Light blue shaded patches are not viable because the lightest WIMP in the
n-plet is not the neutral one. Dashed green lines show prospects from future high exposure xenon experiments: LZ,
DARWIN and DARWIN/G3 (arrows pointing to the direction of the expected probed region). In the gray shaded region
the DD signal falls below the neutrino floor of xenon experiments [11, 16]. The vertical Xenon1T-high energy line show
the ultime reach of xenon experiments on inelastic DM (see Fig. 1). Xenon Blue and black dashed lines corresponds
to di↵erent expected lengths of charged tracks. Accordingly, di↵erent hues of brown distinguish regions where di↵erent
signatures at future colliders are expected. The dashed gray line shows the EW value of �mQM . Purple dashed lines
show the contours of the fine-tuning among the di↵erent mass splittings as defined in Eq. 12. Mass splittings above the
F.T.=1 line are not fine tuned.

B. Collider searches

The splittings �m0, �mQM determine the lifetime of
the charged components of the EW multiplet, which
are pivotal to understand the viable collider signa-
tures. In what follows we take as reference the detec-
tor geometry proposed in [18] and we classify the pa-

rameter space (�m0, �mQM ) in various regions accord-
ing to the lifetime ⌧LCP of the Longest Lived Charged
Particle (LCP) of a given multiplet.

For c⌧LCP > 1 m the LCP gives long charged tracks
(CT) with an average length roughly corresponding to
the middle layer of the outer tracker. The SM back-
ground processes for this “long” track with anomalous

11

0.1 1 10 100 1000 104 105

10

100

1000

104

105

PANDAX-4T

X
EN
O
N
1T

F.T.=100

F.T.=10

F.T.=1

FIG. 6. Direct Detection and collider signatures in the plane �m0 vs. �mQM from the 21/2 (upper left), 31 (upper right)
41/2 (lower left) and 51 (lower right). The green shaded regions are excluded by current DD constraints on inelastic DM
at small �m0 and on Higgs-exchange elastic scattering at large splittings. Gray hatched regions are excluded by BBN
constraints on the longest lived unstable particle in the multiplet. Red dashed lines delimit the range of perturbative
mass splitting at fixed ⇤UV/MDM ratio. Light blue shaded patches are not viable because the lightest WIMP in the
n-plet is not the neutral one. Dashed green lines show prospects from future high exposure xenon experiments: LZ,
DARWIN and DARWIN/G3 (arrows pointing to the direction of the expected probed region). In the gray shaded region
the DD signal falls below the neutrino floor of xenon experiments [11, 16]. The vertical Xenon1T-high energy line show
the ultime reach of xenon experiments on inelastic DM (see Fig. 1). Xenon Blue and black dashed lines corresponds
to di↵erent expected lengths of charged tracks. Accordingly, di↵erent hues of brown distinguish regions where di↵erent
signatures at future colliders are expected. The dashed gray line shows the EW value of �mQM . Purple dashed lines
show the contours of the fine-tuning among the di↵erent mass splittings as defined in Eq. 12. Mass splittings above the
F.T.=1 line are not fine tuned.

B. Collider searches

The splittings �m0, �mQM determine the lifetime of
the charged components of the EW multiplet, which
are pivotal to understand the viable collider signa-
tures. In what follows we take as reference the detec-
tor geometry proposed in [18] and we classify the pa-

rameter space (�m0, �mQM ) in various regions accord-
ing to the lifetime ⌧LCP of the Longest Lived Charged
Particle (LCP) of a given multiplet.

For c⌧LCP > 1 m the LCP gives long charged tracks
(CT) with an average length roughly corresponding to
the middle layer of the outer tracker. The SM back-
ground processes for this “long” track with anomalous

all next-to-simple -plet scenarios can evade Direct Detection2n

2205.04486 Bottaro,  Buttazzo, Costa, RF, Panci, Redigolo, Vittorio

https://indico.cern.ch/event/1313131/


Roberto  Franceschini  - Muon Collider Physics Benchmarks Worksop - Pittsburgh  18-11-23 https://indico.cern.ch/event/1313131/

DIRECT PRODUCTION 
AT COLLIDERS

2040s

https://indico.cern.ch/event/1313131/


Roberto  Franceschini  - Muon Collider Physics Benchmarks Worksop - Pittsburgh  18-11-23 https://indico.cern.ch/event/1313131/

Soft-objects + missing momentumCo-annihilation

Mono-XDM SM singlet
→ Z’ → χ χpp or ℓ+ℓ−

Short (disappearing) tracksWIMP-like multiplet
Accidental Dark Matter

Generic leptons+missing momentumWide open spectra }
Δm

GeV

0

Precision 
Tests

DIRECT SIGNALS AT COLLIDERS

https://indico.cern.ch/event/1313131/


Roberto  Franceschini  - Muon Collider Physics Benchmarks Worksop - Pittsburgh  18-11-23 https://indico.cern.ch/event/1313131/

Soft-objects + missing momentumCo-annihilation

Mono-XDM SM singlet
→ Z’ → χ χpp or ℓ+ℓ−

Short (disappearing) tracksWIMP-like multiplet
Accidental Dark Matter

Generic leptons+missing momentumWide open spectra }
Δm

GeV

0

Precision 
Tests

DIRECT SIGNALS AT COLLIDERS

https://indico.cern.ch/event/1313131/


Roberto  Franceschini  - Muon Collider Physics Benchmarks Worksop - Pittsburgh  18-11-23 https://indico.cern.ch/event/1313131/

PURE   AND  DMh̃ W̃

• Heavy -plet of SU(2) 

• Mass splitting 

n

∼ αWmW ∼ 0.1GeV − 1GeV

Large rates, but needs to light up the 
detector in a discernible way

2203.07256 1901.02987 2102.11292 2203.07351

Indirect detection 0.333

FCC-hh 1.602FCC-hh 1.1

MuC 10 TeV 1.37MuC 10 TeV 1.1

CLIC 3 TeV 1.5

ILC 0.5 TeV 0.326ILC 0.5 TeV 0.249

FCC-ee 0.293FCC-ee 0.174

CEPC 0.261CEPC 0.119

Direct detection projection 2.004

Indirect detection 3.493

FCC-hh 6.488FCC-hh 4.75

MuC 3 TeV 1.38MuC 3 TeV 1.26

MuC 10 TeV 4.5MuC 10 TeV 4.0

CLIC 3 TeV 1.677CLIC 3 TeV 1.49

ILC 0.5 TeV 0.427ILC 0.5 TeV 0.249

FCC-ee 0.397FCC-ee 0.175

CEPC 0.359CEPC 0.119

m(e�±1 ) [TeV]10
�1 1

Higgsino

Wino

No collider

2�, disappearing track

5�, disappearing track

kinematic limit
p

s/2
2�, indirect limit

Fig. 3: Left panel: exclusion and discovery mass reach on Higgsino and Wino Dark Matter candidates at
muon colliders from disappearing tracks, and at other facilities. The plot is adapted from Ref. [9]. Right:
exclusion contour [4] for a scalar singlet of mass m� mixed with the Higgs boson with strength sin �

is copiously produced, but it decays to the invisible DM plus a soft undetectable pion, owing to the
small mass-splitting. WIMP DM can be studied at muon colliders in several channels (such as mono-
photon) without directly observing the charged state [7, 8]. Alternatively, one can instead exploit the
disappearing tracks produced by the charged particle [9]. The result is displayed on the left panel of
Figure 3 for the simplest candidates, known as Higgsino and Wino. A 10 TeV muon collider reaches
the “thermal” mass, marked with a dashed line, for which the observed relic abundance is obtained by
thermal freeze out. Other minimal WIMP candidates become kinematically accessible at higher muon
collider energies [7,8]. Muon colliders could actually even probe some of these candidates when they are
above the kinematical threshold, by studying their indirect effects on high-energy SM processes [10,11].

New physics particles are not necessarily coupled to the SM by gauge interaction. One setup
that is relevant in several BSM scenarios (including models of baryogenesis, dark matter, and neutral
naturalness) is the “Higgs portal” one, where the BSM particles interact most strongly with the Higgs
field. By the Goldstone Boson Equivalence Theorem, Higgs field couplings are interactions with the
longitudinal polarizations of the SM massive vector bosons W and Z, which enable Vector Boson Fusion
(VBF) production of the new particles. A muon collider is extraordinarily sensitive to VBF production,
owing to the large luminosity for effective vector bosons. This is illustrated on the right panel of Figure 3,
in the context of a benchmark model [4, 12] (see also [13]) where the only new particle is a real scalar
singlet with Higgs portal coupling. The coupling strength is traded for the strength of the mixing with
the Higgs particle, sin �, that the interaction induces. The scalar singlet is the simplest extension of the
Higgs sector. Extensions with richer structure, such as involving a second Higgs doublet, are a priori
easier to detect as one can exploit the electroweak production of the new charged Higgs bosons, as well
as their VBF production. See Ref.s [14, 15] for dedicated studies, and Ref. [16] for a review.

We have seen that in several cases the muon collider direct reach compares favorably to the one
of the most ambitious future proton collider project. This is not a universal statement, in particular it is
obvious that at a muon collider it is difficult to access heavy particles that carry only QCD interactions.
One might also expect a muon collider of 10 TeV to be generically less effective than a 100 TeV proton
collider for the detection of particles that can be produced singly. For instance, for additional Z

0 massive
vector bosons, that can be probed at the FCC-hh well above the 10 TeV mass scale. We will see in
Section 5 that the situation is slightly more complex and that, in the case of Z

0s, a 10 TeV muon collider
sensitivity actually exceeds the one of the FCC-hh dramatically (see the right panel of Fig. 6).
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Figure 10. Indication of the current bounds and future prospects for the elec-
troweak triplet Dark Matter candidate. Solid contours show the current bounds.
Dashed contours refer to the reach of future experiments. For the collider analysis
we have considered the 95 % CL sensitivity. For definiteness, at a 100 TeV collider
we show the reach for L = 3 ab�1 and 1% of background systematics. As discussed
in the text, for disappearing tracks the estimate of the background at future col-
liders is particularly challenging. In this case, the reach refers to a moderate choice
of the background uncertainty (the dashed line in Fig. 7).

running of the quartic coupling of the Higgs, stabilizing the Higgs vacuum.
Moreover, it does not introduce large radiative corrections to the Higgs mass,
and it helps to achieve the unification of the gauge couplings. This particle
emerges also in more general scenarios, like SUSY models [33, 36–42], GUT
constructions [34], and also in other contexts [87, 88].

Searches of this Dark Matter candidate with Direct Detection experiments
are challenging, since the loop-induced scattering cross-section o↵ nuclei is
very small, well below the sensitivity of current experiments. Indirect Detec-
tion strategies are more promising. Gamma-rays and anti-protons observa-
tions exclude the range M� . 1 TeV and 1.7 TeV . M� . 3.5 TeV, although
we remind that these limits are subject to large astrophysical uncertain-
ties. Moreover they hold under the assumption that the electroweak fermion
triplet accounts for all of the observed Dark Matter abundance. Likely, new
astrophysical observations will improve current Indirect Detection bounds in
the near future.

In this work we have studied the reach of future proton colliders for
the electroweak fermion triplet. We have focussed on two scenarios: Lhc at

22
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case
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Figure 1: 2� exclusion of fermion DM masses with horizontal bars for individual search
channels and various muon collider running scenarios by the different color codes. The vertical
bars indicate the thermal mass targets for the corresponding WIMP DM.

multiplets with n  3 due to the low signal-to-background ratio. It is possible to cover
(with 2�) the thermal targets of the doublet and Dirac fermion triplet with a 10 TeV muon
collider. The complex scalar tripet can be covered by a 14 TeV muon collider. For the real
scalar and Majorana fermion triplet, a 30 TeV option would suffice. The thermal targets of
complex scalar and Dirac fermion (real scalar and Majorana fermion) 5-plet would be covered
by 30 (100) TeV muon colliders. The 100 TeV option will also cover the thermal target for
the complex scalar and Dirac fermion 7-plet. The real scalar and Majorana fermion 7-plet
can be probed up to 30 � 40 TeV in mass at a 100 TeV muon collider, with their thermal
target still out of reach. It is important to emphasize that, in order to cover the thermal
target, the necessary center of mass energy and luminosity in many cases can be much lower
than the benchmark values we showed in Equation 1.1. At the same time, the disappearing
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Fig. 89 Direct reach on electroweak states in mono-X signals. Left:
Luminosity needed to exclude a Dirac fermion DM candidate for zero
systematics [45] for X = γ (solid), X = µ (dotted), X = µµ (dashed).
Right: Mass reach on a fermionic DM candidate (assumed Majorana

when Y = 0, Dirac otherwise) at fixed 1 ab−1 luminosity for the 3 TeV
and 10 ab−1 for 10 TeV muon collider in the channels X = γ and
X = W for 0.1% systematics [39,46]. Black vertical lines denote the
thermal mass for each DM candidate

We refer to [49] for a study encompassing a larger set of
candidates. The search strategy that we adopt leverages the
observable effects that DM candidates can leave due to their
propagation as virtual states, which modify the rate and the
distributions of SM processes such as

µ+µ− → f f̄ , (41)

µ+µ− → Zh, (42)

µ+µ− → W+W−, (43)

as well as 2 → 3 processes like

µ+µ− → WWh, (44)

µ+µ− → f f̄ ′W. (45)

Measuring the total rate of Eqs. (41–45) and using differential
information on the angular distribution of the channels in
which the charge of the final states, e.g. f = e, µ, can be
tagged reliably, it is possible to probe the existence of new
matter n-plets.

It should be noted that the 2 → 3 processes cross sec-
tions, while formally of higher order in the EW loop expan-
sion, are not suppressed relative to the 2 → 2 cross sections,
at the high energy MuC. This is a manifestation of the EW
radiation enhancement that we described in Sect. 2.5. The
enhancement emerges in the phase-space region where a W
boson is emitted with low energy and collinear to one of the
initial muons or to one of the two other final state particles,
which are instead energetic and central. The EW radiation
enhancement offers novel opportunities to search for new
physics. In the case at hand, it enables the high-rate produc-
tion of new hard 2-body final states (namely Wh and f f̄ ′ for
Eqs. (44) and (45), respectively) to be exploited for WIMP
searches. However, EW radiation effects also challenge theo-
retical predictions as they require not yet available systematic
resummation techniques, as discussed in Sect. 2.5. The esti-
mates that follow do not include resummation. More work
will thus be needed to turn them into fully quantitative sen-
sitivity projections.
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tagged reliably, it is possible to probe the existence of new
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It should be noted that the 2 → 3 processes cross sec-
tions, while formally of higher order in the EW loop expan-
sion, are not suppressed relative to the 2 → 2 cross sections,
at the high energy MuC. This is a manifestation of the EW
radiation enhancement that we described in Sect. 2.5. The
enhancement emerges in the phase-space region where a W
boson is emitted with low energy and collinear to one of the
initial muons or to one of the two other final state particles,
which are instead energetic and central. The EW radiation
enhancement offers novel opportunities to search for new
physics. In the case at hand, it enables the high-rate produc-
tion of new hard 2-body final states (namely Wh and f f̄ ′ for
Eqs. (44) and (45), respectively) to be exploited for WIMP
searches. However, EW radiation effects also challenge theo-
retical predictions as they require not yet available systematic
resummation techniques, as discussed in Sect. 2.5. The esti-
mates that follow do not include resummation. More work
will thus be needed to turn them into fully quantitative sen-
sitivity projections.
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Fig. 12 Different bars show the reach at 2σ (full wide) and at 5σ
(hatched thin) on the WIMP mass at a muon collider with baseline lumi-
nosity given by Eq. (24) for the different search channels discussed in
Sect. 5.1: mono-gamma, inclusive mono-W, charged mono-W, mono-Z,
di-gamma, same-sign di-W , the combination of all these MIM channels
(blue). We also show the reach of disappearing tracks as discussed in

Sect. 5.2: at least 1 disappearing track (red), or exactly 2 tracks (orange).
All the results are obtained assuming systematic uncertainties to be: 0
(light), 10/00 (medium), or 1% (dark). The vertical red lines show the
freeze-out prediction band. Left: scalar 3-plet for

√
s = 14 TeV Right:

scalar 5-plet for
√
s = 30 TeV

Fig. 13 Left: Drell–Yan Mono-W cross-section for
√
s = 14 TeV. Right: significance of the mono-W search for

√
s = 14 TeV. In both plots, the

only cuts applied are |ηW | < 2.5 (geometric acceptance) and MIM > 2Mχ

Fig. 14 Same as Fig. 4, but for real scalar WIMPs. Left: Scalar 3-plet. Right: Scalar 5-plet
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Fig. 4 Reach from mono-W searches at a muon collider, as a function
of collider center-of-mass energy

√
s and integrated luminosity L. The

blue contours show the 95% C.L. reach on the WIMP mass; the pre-
diction from thermal freeze-out is shown as a red line. The precision
of the measurement is shown by the blue shadings. Systematic uncer-

tainties are assumed to be negligible. The white line corresponds to the
luminosity scaling Eq. (24), with various collider benchmarks shown as
colored squares:

√
s = 6 TeV green,

√
s = 10 TeV blue,

√
s = 14 TeV

orange and
√
s = 30 TeV red. The yellow square corresponds to the 3

TeV CLIC [58]. Left: Majorana 3-plet. Right: Majorana 5-plet

ties, the optimal selection cuts are stronger (as can be seen
in Table 2) and lead to higher values of S/B.

The mono-W differs from the other two channels. The SM
background is dominated by vector boson fusion (VBF) pro-
cesses, that lead to forward leptons (lost along the beam pipe)
and W bosons. The signal is instead made of events where the
W is radiated from the initial or final states, leading to a more
central distribution. The cut on pT,W can efficiently suppress
the VBF background, with a lesser impact on the signal com-
pared to the mono-γ or mono-Z cases. As a consequence, we
find that the mono-W search has the best sensitivity among
the various mono-X channels. The 95% C.L. exclusion reach
on Mχ for a Majorana 3-plet and 5-plet is shown in Fig. 4
as a function of collider center-of-mass energy

√
s and lumi-

nosity L. We also show the expected values of S/B for the
excluded signal in absence of systematic errors, which are
rather low also for the mono-W search.

Due to the presence of initial-state radiation, the W boson
of the signal has a preference for being emitted in the forward
(backward) direction, measured with respect to the flight
direction of the ℓ− beam, if its charge is negative (positive).
Since the charge of the W boson is potentially observable
for leptonic decays, we can envisage a strategy to isolate
the signal from the background using the full distribution in
ηW (instead of its absolute value). We thus also perform an
analysis of leptonic mono-W events, where we impose the
additional cut ηW± ≶ 0. We find the reach of this search
to be weaker than the one of the inclusive mono-W because
of the small leptonic branching ratio. However, the leptonic

mono-W search possesses signal-free regions of the ηW dis-
tribution which would allow for an in situ calibration of the
background from the data itself, leading to possible reduction
of the systematic uncertainties.

Di-V. We now consider scattering processes with multiple
emission of vector bosons. While generally being suppressed
by higher powers of the gauge coupling constant, these pro-
cesses can be enhanced for large center-of-mass energies,
and for multiplets with large weak charge. They can therefore
provide very useful handles to probe WIMPs in the regimes
where the mono-V searches have very low signal-to-noise
ratios. Of course, a too large rate for multiple boson radia-
tion would indicate the breakdown of the perturbative expan-
sion, requiring the resummation of large logarithms. We have
checked that for the EW 3-plet and 5-plet, and for the ener-
gies under consideration here, the fixed-order computations
are still accurate.

First, we consider the di-photon process

ℓ+ℓ− → χ iχ−i + γ γ . (34)

We apply the same acceptance cuts of the mono-γ analysis,
and in addition we require a separation %Rγ γ > 0.4 between
the two photons. We employ the same event selection strategy
of the mono-γ case, using as variables ηX , pT,X , where X is
the compound γ γ system. Moreover, we require each photon
to be as central as the γ γ system itself. For the 5-plet, we
find that the di-γ search can be stronger than the mono-γ in
presence of large systematic uncertainties, where suppressing
the SM background is more important. For the 3-plet, which
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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Fig. 12 Different bars show the reach at 2σ (full wide) and at 5σ
(hatched thin) on the WIMP mass at a muon collider with baseline lumi-
nosity given by Eq. (24) for the different search channels discussed in
Sect. 5.1: mono-gamma, inclusive mono-W, charged mono-W, mono-Z,
di-gamma, same-sign di-W , the combination of all these MIM channels
(blue). We also show the reach of disappearing tracks as discussed in

Sect. 5.2: at least 1 disappearing track (red), or exactly 2 tracks (orange).
All the results are obtained assuming systematic uncertainties to be: 0
(light), 10/00 (medium), or 1% (dark). The vertical red lines show the
freeze-out prediction band. Left: scalar 3-plet for

√
s = 14 TeV Right:

scalar 5-plet for
√
s = 30 TeV

Fig. 13 Left: Drell–Yan Mono-W cross-section for
√
s = 14 TeV. Right: significance of the mono-W search for

√
s = 14 TeV. In both plots, the

only cuts applied are |ηW | < 2.5 (geometric acceptance) and MIM > 2Mχ

Fig. 14 Same as Fig. 4, but for real scalar WIMPs. Left: Scalar 3-plet. Right: Scalar 5-plet
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Fig. 12 Different bars show the reach at 2σ (full wide) and at 5σ
(hatched thin) on the WIMP mass at a muon collider with baseline lumi-
nosity given by Eq. (24) for the different search channels discussed in
Sect. 5.1: mono-gamma, inclusive mono-W, charged mono-W, mono-Z,
di-gamma, same-sign di-W , the combination of all these MIM channels
(blue). We also show the reach of disappearing tracks as discussed in

Sect. 5.2: at least 1 disappearing track (red), or exactly 2 tracks (orange).
All the results are obtained assuming systematic uncertainties to be: 0
(light), 10/00 (medium), or 1% (dark). The vertical red lines show the
freeze-out prediction band. Left: scalar 3-plet for

√
s = 14 TeV Right:

scalar 5-plet for
√
s = 30 TeV

Fig. 13 Left: Drell–Yan Mono-W cross-section for
√
s = 14 TeV. Right: significance of the mono-W search for

√
s = 14 TeV. In both plots, the

only cuts applied are |ηW | < 2.5 (geometric acceptance) and MIM > 2Mχ

Fig. 14 Same as Fig. 4, but for real scalar WIMPs. Left: Scalar 3-plet. Right: Scalar 5-plet
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an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
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to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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Fig. 3 Top panels: Polar angle distribution from the SM (purple cross),
interference between diagrams mediated by complex scalar (cyan) or
Dirac fermion (green) χ and the SM ones for the e+e−, bb̄, uū and
µ+µ− final states at 10 TeV muon collider. For the computation of

cos θ we assumed the ideal situation in which all the final state particles
charges can be measured. Bottom panels: Ratio of the above for each
fermionic final state

should be systematically resummed in order to retain good
theoretical precision. Furthermore, for a complete treatment
of the radiation one would need to improve LO calculations
by adding real radiation corrections for the neutral current
channel and the necessary virtual corrections for each chan-
nel. Such precise theoretical prediction is not available at this
time. Therefore we adopt a strategy to give predictions that
are sufficiently accurate for our purposes using LO matrix
elements, barring the loop of χ that we always consider
explicitly. To reach our goal we focus on the hard W boson
radiation, where the final state W can be reliably separated
from the rest of the final states and can be reliably treated by
the LO matrix element of the µ+µ− → W± f f̄ ′ process. In
particular, we require that the W boson carries a significant

part of the total center-of-mass energy, so that

0.5 · Ecm < m( f ′ f̄ ) < 0.9 · Ecm . (2)

Furthermore, we require that the W boson is in the detector
acceptance by requiring

8◦ < θ(W ) < 172◦, (3)

similarly to our selection for the NC channel explained in
later Sect. 5. In our study we only consider hadronic and
semi-leptonic final state, i.e. onlyµ+µ− → W±(→ j j)e∓ν

and µ+µ− → W±(→ e±ν, µ±ν, j j) j j are included in our
analysis.

In Fig. 6, we show the importance of the CC channel,
by comparing it with the NC channel, taking the Majorana
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� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).
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nel. Such precise theoretical prediction is not available at this
time. Therefore we adopt a strategy to give predictions that
are sufficiently accurate for our purposes using LO matrix
elements, barring the loop of χ that we always consider
explicitly. To reach our goal we focus on the hard W boson
radiation, where the final state W can be reliably separated
from the rest of the final states and can be reliably treated by
the LO matrix element of the µ+µ− → W± f f̄ ′ process. In
particular, we require that the W boson carries a significant

part of the total center-of-mass energy, so that

0.5 · Ecm < m( f ′ f̄ ) < 0.9 · Ecm . (2)

Furthermore, we require that the W boson is in the detector
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Figure 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic
initial states both contribute to the production. In the orange and blue lines, � = 1 and � = 10,
respectively. In the right panel [3], production from qq and from gg are considered separately.

The estimate of the equivalent
p

sp depends on the relative strength � of the heavy particle
interaction with the partons and with the muons. If the heavy particle only possesses electroweak
quantum numbers, � = 1 is a reasonable estimate because the particles are produced by the
same interaction at the two colliders. If instead it also carries QCD color, the proton collider can
exploit the QCD interaction to produce the particle, and a ratio of � = 10 should be considered
owing to the large QCD coupling and color factors. The orange line on the left panel of Figure 1,
obtained with � = 1, is thus representative of purely electroweak particles. The blue line, with
� = 10, is instead a valid estimate for particles that also possess QCD interactions, as it can be
verified in concrete examples.

The general lesson we learn from Figure 1 is that at a proton collider with around 100 TeV
energy the cross-section for processes with an energy threshold of around 10 TeV is much smaller
than the one of a muon collider operating at Ecm =

p
sµ ⇠ 10 TeV. The gap can be compensated

only if the process dynamics is di↵erent and more favorable at the proton collider, like in the case
of QCD production. The general lesson holds for new particles production, where the threshold
is provided by the heavy particle mass, but also the production of SM particles with energies as
high as Ecm. Therefore muon colliders are way more e↵ective than proton colliders in probing
new physics indirectly by SM high energy measurements, as we will see in Section 1.5. Moreover
the large luminosity for high energy muon collisions produces the copious emission of e↵ective
vector bosons. In turn, they are responsible at once for the tremendous direct sensitivity of muon
colliders to “Higgs portal” type new physics and for their excellent perspectives to measure single
and double Higgs couplings precisely as we will see in Section 1.3 and 1.4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment
will be performed in the following section based on available proton colliders projections.

1.3 Direct reach

The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider
with 10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of
Beyond the Standard Model (BSM) particles with variable mass M. The particles are named
with a standard BSM terminology, however the results do not depend on the detailed BSM
model (such as Supersymmetry or Composite Higgs) in which these particles emerge, but only
on their Lorentz and gauge quantum numbers. The dominant production mechanism at high
mass is the direct µ

+
µ

� annihilation, whose cross-section flattens out below the kinematical
threshold at M = 5 TeV. The increase of the cross-section at low mass is due to the production
from e↵ective vector bosons annihilation.

2
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sp depends on the relative strength � of the heavy particle
interaction with the partons and with the muons. If the heavy particle only possesses electroweak
quantum numbers, � = 1 is a reasonable estimate because the particles are produced by the
same interaction at the two colliders. If instead it also carries QCD color, the proton collider can
exploit the QCD interaction to produce the particle, and a ratio of � = 10 should be considered
owing to the large QCD coupling and color factors. The orange line on the left panel of Figure 1,
obtained with � = 1, is thus representative of purely electroweak particles. The blue line, with
� = 10, is instead a valid estimate for particles that also possess QCD interactions, as it can be
verified in concrete examples.

The general lesson we learn from Figure 1 is that at a proton collider with around 100 TeV
energy the cross-section for processes with an energy threshold of around 10 TeV is much smaller
than the one of a muon collider operating at Ecm =
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sµ ⇠ 10 TeV. The gap can be compensated

only if the process dynamics is di↵erent and more favorable at the proton collider, like in the case
of QCD production. The general lesson holds for new particles production, where the threshold
is provided by the heavy particle mass, but also the production of SM particles with energies as
high as Ecm. Therefore muon colliders are way more e↵ective than proton colliders in probing
new physics indirectly by SM high energy measurements, as we will see in Section 1.5. Moreover
the large luminosity for high energy muon collisions produces the copious emission of e↵ective
vector bosons. In turn, they are responsible at once for the tremendous direct sensitivity of muon
colliders to “Higgs portal” type new physics and for their excellent perspectives to measure single
and double Higgs couplings precisely as we will see in Section 1.3 and 1.4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment
will be performed in the following section based on available proton colliders projections.

1.3 Direct reach

The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider
with 10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of
Beyond the Standard Model (BSM) particles with variable mass M. The particles are named
with a standard BSM terminology, however the results do not depend on the detailed BSM
model (such as Supersymmetry or Composite Higgs) in which these particles emerge, but only
on their Lorentz and gauge quantum numbers. The dominant production mechanism at high
mass is the direct µ

+
µ

� annihilation, whose cross-section flattens out below the kinematical
threshold at M = 5 TeV. The increase of the cross-section at low mass is due to the production
from e↵ective vector bosons annihilation.
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Figure 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic
initial states both contribute to the production. In the orange and blue lines, � = 1 and � = 10,
respectively. In the right panel [3], production from qq and from gg are considered separately.

The estimate of the equivalent
p

sp depends on the relative strength � of the heavy particle
interaction with the partons and with the muons. If the heavy particle only possesses electroweak
quantum numbers, � = 1 is a reasonable estimate because the particles are produced by the
same interaction at the two colliders. If instead it also carries QCD color, the proton collider can
exploit the QCD interaction to produce the particle, and a ratio of � = 10 should be considered
owing to the large QCD coupling and color factors. The orange line on the left panel of Figure 1,
obtained with � = 1, is thus representative of purely electroweak particles. The blue line, with
� = 10, is instead a valid estimate for particles that also possess QCD interactions, as it can be
verified in concrete examples.

The general lesson we learn from Figure 1 is that at a proton collider with around 100 TeV
energy the cross-section for processes with an energy threshold of around 10 TeV is much smaller
than the one of a muon collider operating at Ecm =

p
sµ ⇠ 10 TeV. The gap can be compensated

only if the process dynamics is di↵erent and more favorable at the proton collider, like in the case
of QCD production. The general lesson holds for new particles production, where the threshold
is provided by the heavy particle mass, but also the production of SM particles with energies as
high as Ecm. Therefore muon colliders are way more e↵ective than proton colliders in probing
new physics indirectly by SM high energy measurements, as we will see in Section 1.5. Moreover
the large luminosity for high energy muon collisions produces the copious emission of e↵ective
vector bosons. In turn, they are responsible at once for the tremendous direct sensitivity of muon
colliders to “Higgs portal” type new physics and for their excellent perspectives to measure single
and double Higgs couplings precisely as we will see in Section 1.3 and 1.4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment
will be performed in the following section based on available proton colliders projections.
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with 10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of
Beyond the Standard Model (BSM) particles with variable mass M. The particles are named
with a standard BSM terminology, however the results do not depend on the detailed BSM
model (such as Supersymmetry or Composite Higgs) in which these particles emerge, but only
on their Lorentz and gauge quantum numbers. The dominant production mechanism at high
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Figure 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic
initial states both contribute to the production. In the orange and blue lines, � = 1 and � = 10,
respectively. In the right panel [3], production from qq and from gg are considered separately.
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interaction with the partons and with the muons. If the heavy particle only possesses electroweak
quantum numbers, � = 1 is a reasonable estimate because the particles are produced by the
same interaction at the two colliders. If instead it also carries QCD color, the proton collider can
exploit the QCD interaction to produce the particle, and a ratio of � = 10 should be considered
owing to the large QCD coupling and color factors. The orange line on the left panel of Figure 1,
obtained with � = 1, is thus representative of purely electroweak particles. The blue line, with
� = 10, is instead a valid estimate for particles that also possess QCD interactions, as it can be
verified in concrete examples.
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than the one of a muon collider operating at Ecm =
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only if the process dynamics is di↵erent and more favorable at the proton collider, like in the case
of QCD production. The general lesson holds for new particles production, where the threshold
is provided by the heavy particle mass, but also the production of SM particles with energies as
high as Ecm. Therefore muon colliders are way more e↵ective than proton colliders in probing
new physics indirectly by SM high energy measurements, as we will see in Section 1.5. Moreover
the large luminosity for high energy muon collisions produces the copious emission of e↵ective
vector bosons. In turn, they are responsible at once for the tremendous direct sensitivity of muon
colliders to “Higgs portal” type new physics and for their excellent perspectives to measure single
and double Higgs couplings precisely as we will see in Section 1.3 and 1.4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment
will be performed in the following section based on available proton colliders projections.
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The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider
with 10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of
Beyond the Standard Model (BSM) particles with variable mass M. The particles are named
with a standard BSM terminology, however the results do not depend on the detailed BSM
model (such as Supersymmetry or Composite Higgs) in which these particles emerge, but only
on their Lorentz and gauge quantum numbers. The dominant production mechanism at high
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Figure 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic
initial states both contribute to the production. In the orange and blue lines, � = 1 and � = 10,
respectively. In the right panel [3], production from qq and from gg are considered separately.

The estimate of the equivalent
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sp depends on the relative strength � of the heavy particle
interaction with the partons and with the muons. If the heavy particle only possesses electroweak
quantum numbers, � = 1 is a reasonable estimate because the particles are produced by the
same interaction at the two colliders. If instead it also carries QCD color, the proton collider can
exploit the QCD interaction to produce the particle, and a ratio of � = 10 should be considered
owing to the large QCD coupling and color factors. The orange line on the left panel of Figure 1,
obtained with � = 1, is thus representative of purely electroweak particles. The blue line, with
� = 10, is instead a valid estimate for particles that also possess QCD interactions, as it can be
verified in concrete examples.

The general lesson we learn from Figure 1 is that at a proton collider with around 100 TeV
energy the cross-section for processes with an energy threshold of around 10 TeV is much smaller
than the one of a muon collider operating at Ecm =

p
sµ ⇠ 10 TeV. The gap can be compensated

only if the process dynamics is di↵erent and more favorable at the proton collider, like in the case
of QCD production. The general lesson holds for new particles production, where the threshold
is provided by the heavy particle mass, but also the production of SM particles with energies as
high as Ecm. Therefore muon colliders are way more e↵ective than proton colliders in probing
new physics indirectly by SM high energy measurements, as we will see in Section 1.5. Moreover
the large luminosity for high energy muon collisions produces the copious emission of e↵ective
vector bosons. In turn, they are responsible at once for the tremendous direct sensitivity of muon
colliders to “Higgs portal” type new physics and for their excellent perspectives to measure single
and double Higgs couplings precisely as we will see in Section 1.3 and 1.4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment
will be performed in the following section based on available proton colliders projections.

1.3 Direct reach

The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider
with 10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of
Beyond the Standard Model (BSM) particles with variable mass M. The particles are named
with a standard BSM terminology, however the results do not depend on the detailed BSM
model (such as Supersymmetry or Composite Higgs) in which these particles emerge, but only
on their Lorentz and gauge quantum numbers. The dominant production mechanism at high
mass is the direct µ

+
µ

� annihilation, whose cross-section flattens out below the kinematical
threshold at M = 5 TeV. The increase of the cross-section at low mass is due to the production
from e↵ective vector bosons annihilation.
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Fig. 8 Luminosity needed for a 95% CL exclusion at a given center-of-mass energy Ecm. Each dark matter candidate is
labelled next to its line or band. Bands thickness reflect the uncertainty on the thermal mass given in Tab.1. Lighter color lines
and band correspond to polarized beams. The orange line tracks the expected baseline luminosity at each energy of the high
energy muon collider. Any dark matter candidate whose line goes below the orange line can be excluded at the high energy
muon collider for the corresponding values of Ecm.
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Fig. 9 The e↵ect on the W parameter from Dirac Fermions,
Majorana Fermions, and Real Scalars for di↵erent n for ther-
mal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon
collider running at center of mass energy Ecm.

The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final
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labelled next to its line or band. Bands thickness reflect the uncertainty on the thermal mass given in Tab.1. Lighter color lines
and band correspond to polarized beams. The orange line tracks the expected baseline luminosity at each energy of the high
energy muon collider. Any dark matter candidate whose line goes below the orange line can be excluded at the high energy
muon collider for the corresponding values of Ecm.

5 10 50 100

0.01

0.10

1

10

100 Excluded

Fig. 9 The e↵ect on the W parameter from Dirac Fermions,
Majorana Fermions, and Real Scalars for di↵erent n for ther-
mal masses given in Tab. 1. The blue shaded area corresponds
to the 95% CL exclusion on W that can be attained at a muon
collider running at center of mass energy Ecm.

The perspectives for finding hints or evidence of
WIMPs in future experiments are encouraging, but the
chance to produce WIMPs directly in the colliders and
to study them in detail seems to require WIMPs to be
quite light compared to the possible mass range they
can span.

The situation at colliders is changed dramatically
by the possibility to build high energy muon collider.
Indeed a machine colliding point-like particle can ex-

ploit fully the beam energy to produce heavy states,
such as heavy WIMPs. In addition, being a leptonic ma-
chine, the high energy muon collider promises to have
a relatively clean collision environment, thus enabling
precision measurements.

We have explored the possibility to use precise mea-
surements of fiducial cross-sections or di↵erential cross-
sections to probe the existence of heavy WIMPs. We
found that the amount of information that can be gained
in di↵erential studies is generally limited by the fact
that the SM and new physics scattering amplitudes
are very similar in the phase-space of the most abun-
dant 2 ! 2 scatterings, thus motivating us to study
mainly fiducial cross-section measurements. Such mea-
surements can be carried out on a larger number of final
states, as they do not require to tag electric charges of
the final states, hence they can increase the mass reach
of searches limited by the size of the data sample. In-
deed we find that including copious scatterings in all
flavors of jets can improve the results appeared previ-
ously in the literature, which focused on final states for
which the electric charges can be tagged, e.g. for the bb̄
final state.

In our study we have also included for the first time
the e↵ect of Dark Matter candidates in the produc-
tion of neutral diboson final states ZH and WW , and
the e↵ect of charged current scatterings in 3-body final

W
95

%
⋅1

07

Ecm [TeV]

• muon collider provides a systematic way to probe heavy dark 
matter candidates even beyond the kinematic reach of the machine 

• sensitivity at a 30 TeV collider extends to 50 TeV dark matter 
candidates, hitting the end of the weakly coupled WIMP catalog(!)

https://indico.cern.ch/event/1313131/
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µ+

�/Z

�/Z

�̃

FIG. 1. The WIMP e↵ect on the µ+µ+ elastic scattering. �̃ is the WIMP, which interacts with

standard model particles only via gauge bosons.

II. WIMP EFFECT ON MUON ELASTIC SCATTERING

In this section, we summarize the indirect e↵ect of the WIMPs [33] on the µ+µ+ elas-

tic scattering. Let us consider a fermionic WIMP charged under the standard model

SU(2)L⇥U(1)Y . The new particle a↵ects the µ+µ+ elastic cross section through the vacuum

polarization of the standard model gauge bosons. The Feynman diagram for the t-channel

gauge boson exchange process is shown in Fig. 1, where the WIMP e↵ect appears in the

photon and Z boson vacuum polarizations. By integrating the WIMP out, the e↵ective

Lagrangian is obtained as

L = LSM +
CWW

4
W a

µ⌫⇧(�D2/m2)W aµ⌫ +
CBB

4
Bµ⌫⇧(�@2/m2)Bµ⌫ + · · · , (1)

where LSM is the standard model Lagrangian, W a
µ⌫ (Bµ⌫) is the field strength tensor for

SU(2)L (U(1)Y ) gauge group, D is the covariant derivative and m is the mass of the WIMP.

The coe�cients CWW and CBB for the SU(2)L n-plet WIMP with hypercharge Y are given

by

CWW =  ·
2

3
g2(n3

� n), (2)

CBB =  · 8(g tan ✓W )2nY 2, (3)

where g is the gauge coupling for SU(2)L, ✓W is the Weinberg angle, and  is 1
�
1
2

�
for Dirac

(Majorana) fermion. ⇧(x) denotes the loop function of the vacuum polarization due to the

WIMP loop,

⇧(x) =
1

16⇡2

Z 1

0

dy y(1� y) log

✓
m2

� xy(1� y)m2

µ2

◆
, (4)

4

FIG. 11. The discovery reach for the wino.

FIG. 12. The discovery reach for the 5-plet fermionic minimal dark matter.

than the direct production for small
p
s, whereas the direct production has an advantage

for large
p
s. As discussed in the previous subsection, �2 for the indirect detection does

not grow for su�ciently large
p
s. On the other hand, for m2

⌧ s, the direct production

cross section scales as s/m4 and the background cross section scales as 1/s. In total, the

significance of the direct production scales as s3/2/m4. Therefore, the direct production

process has an advantage for large s and small m.

As the luminosity increases, the advantage of the indirect detection process over the

direct production process becomes clearer. This is because the significance of the indirect

production scales as Lm3 for s ⇠ O(10m2) as we have discussed in the previous section,
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Figure 3: The mass reach of EWIMP at 95% CL. (a): Higgsino (Dirac fermion with n = 2, Y =
±1/2). (b): Wino (Majorana fermion with n = 3, Y = 0). (c): Minimal fermion DM (Majorana
fermion with n = 5, Y = 0) (d): Minimal scalar DM (Real scalar with n = 7, Y = 0). The solid lines
represent that the both initial anti-muons are right-handed (Pµ+ = +100%), while the dashed lines
represent the unpolarized initial state (Pµ+ = 0%). We have shown the plots with the systematic
errors of ✏i = 0%, 0.1%, 1% for the integrated luminocity of 10 ab�1, while we have only plotted the
case of ✏i = 0% for 1 ab�1. The yellow-shaded region denotes the range of EWIMP masses for which
the thermal relic abundance of EWIMPs aligns with the observed DM abundance, ⌦h2 ' 0.12.
[1, 21].

In Fig. 3, we present the potential reach for detecting the mass of EWIMPs at a confidence

level of 95% through the precision measurement of the µ+
µ
+ ! µ

+
µ
+ scattering. We show the case

(1 ab�1
, ✏i = 0) in red, (10 ab�1

, ✏i = 0) in blue, (10 ab�1
, ✏i = 0.001) in green and (10 ab�1

, ✏i = 0.01)

in cyan. In each figure, the solid lines depict the scenario where both µ
+ beams are entirely right-

handed polarized, while the dashed lines represent the unpolarized case. In this figure, we have

considered four types of EWIMPs: Higgsino, Wino, 5-plet Minimal fermion DM (Majorana fermion

5

2310.08434

DF 21/2 P = 100 %

P = 0 %

FIG. 10. The discovery reach for the Higgsino by the indirect search (band) and the direct produc-

tion search (solid line). The systematic error is assumed to be ✏ 2 [0%, 0.3%], and the discovery

reach with ✏ = 0.1 % is described by the dashed line. We assume that the integrated luminosity

is 1 ab�1 (red) and 10 ab�1 (blue), and the initial muon polarization is Pµ = 0 (left panel) and

Pµ = 0.8 (right panel).

B. Result

We now evaluate the 95% C.L. discovery reach for the WIMP at µ+µ+ collider as a

function of
p
s. We consider the Higgsino (n = 2, Y = 1

2 , Dirac fermion), the wino (n =

3, Y = 0, Majorana fermion) and the 5-plet minimal dark matter (n = 5, Y = 0, Majorana

fermion). The initial µ+ is assumed to be either the polarized beam (Pµ+ = 0.8) or the

unpolarized beam (Pµ+ = 0).

Figs. 10, 11 and 12 show the discovery reach of the Higgsino, the wino and the 5-plet,

respectively. The bands represent the reach of the WIMP mass by the indirect search

at each
p
s assuming the universal systematic error ✏ 2 [0%, 0.3%]. The upper (lower)

lines correspond to 0% (0.3%) systematics. We show the bound with 0.1% systematics in

the dashed lines. For comparison, we also show the discovery reach of the mono-µ direct

production channel as the solid lines. The integrated luminosity L is assumed to be 1 ab�1

(red), and 10 ab�1 (blue). The left panels are for the unpolarized initial muons, Pµ+ = 0,

and the right panels are for the polarized initial muons, Pµ+ = 0.8.

Let us compare the indirect detection with the direct production channel. For a small

luminosity, generally speaking, the expected sensitivities of the indirect detection are better
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Figure 3: The mass reach of EWIMP at 95% CL. (a): Higgsino (Dirac fermion with n = 2, Y =
±1/2). (b): Wino (Majorana fermion with n = 3, Y = 0). (c): Minimal fermion DM (Majorana
fermion with n = 5, Y = 0) (d): Minimal scalar DM (Real scalar with n = 7, Y = 0). The solid lines
represent that the both initial anti-muons are right-handed (Pµ+ = +100%), while the dashed lines
represent the unpolarized initial state (Pµ+ = 0%). We have shown the plots with the systematic
errors of ✏i = 0%, 0.1%, 1% for the integrated luminocity of 10 ab�1, while we have only plotted the
case of ✏i = 0% for 1 ab�1. The yellow-shaded region denotes the range of EWIMP masses for which
the thermal relic abundance of EWIMPs aligns with the observed DM abundance, ⌦h2 ' 0.12.
[1, 21].

In Fig. 3, we present the potential reach for detecting the mass of EWIMPs at a confidence

level of 95% through the precision measurement of the µ+
µ
+ ! µ

+
µ
+ scattering. We show the case

(1 ab�1
, ✏i = 0) in red, (10 ab�1

, ✏i = 0) in blue, (10 ab�1
, ✏i = 0.001) in green and (10 ab�1

, ✏i = 0.01)

in cyan. In each figure, the solid lines depict the scenario where both µ
+ beams are entirely right-

handed polarized, while the dashed lines represent the unpolarized case. In this figure, we have

considered four types of EWIMPs: Higgsino, Wino, 5-plet Minimal fermion DM (Majorana fermion
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Figure 3: The mass reach of EWIMP at 95% CL. (a): Higgsino (Dirac fermion with n = 2, Y =
±1/2). (b): Wino (Majorana fermion with n = 3, Y = 0). (c): Minimal fermion DM (Majorana
fermion with n = 5, Y = 0) (d): Minimal scalar DM (Real scalar with n = 7, Y = 0). The solid lines
represent that the both initial anti-muons are right-handed (Pµ+ = +100%), while the dashed lines
represent the unpolarized initial state (Pµ+ = 0%). We have shown the plots with the systematic
errors of ✏i = 0%, 0.1%, 1% for the integrated luminocity of 10 ab�1, while we have only plotted the
case of ✏i = 0% for 1 ab�1. The yellow-shaded region denotes the range of EWIMP masses for which
the thermal relic abundance of EWIMPs aligns with the observed DM abundance, ⌦h2 ' 0.12.
[1, 21].

In Fig. 3, we present the potential reach for detecting the mass of EWIMPs at a confidence

level of 95% through the precision measurement of the µ+
µ
+ ! µ

+
µ
+ scattering. We show the case

(1 ab�1
, ✏i = 0) in red, (10 ab�1

, ✏i = 0) in blue, (10 ab�1
, ✏i = 0.001) in green and (10 ab�1

, ✏i = 0.01)

in cyan. In each figure, the solid lines depict the scenario where both µ
+ beams are entirely right-

handed polarized, while the dashed lines represent the unpolarized case. In this figure, we have

considered four types of EWIMPs: Higgsino, Wino, 5-plet Minimal fermion DM (Majorana fermion
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FIG. 11. The discovery reach for the wino.

FIG. 12. The discovery reach for the 5-plet fermionic minimal dark matter.

than the direct production for small
p
s, whereas the direct production has an advantage

for large
p
s. As discussed in the previous subsection, �2 for the indirect detection does

not grow for su�ciently large
p
s. On the other hand, for m2

⌧ s, the direct production

cross section scales as s/m4 and the background cross section scales as 1/s. In total, the

significance of the direct production scales as s3/2/m4. Therefore, the direct production

process has an advantage for large s and small m.

As the luminosity increases, the advantage of the indirect detection process over the

direct production process becomes clearer. This is because the significance of the indirect

production scales as Lm3 for s ⇠ O(10m2) as we have discussed in the previous section,
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FIG. 3. The representative Feynman diagrams for the mono-µ signals. � denotes the dark matter.
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⌫µ

µ+

⌫̄µ

W+

FIG. 4. The representative Feynman diagrams for the mono-µ backgrounds.

as the initial particles are identical. We also impose the missing mass cut, (pinµ+,1 + pinµ+,2 �

poutµ+ )2 > 4m2
�, where p

in
µ+,i and poutµ+ are the four-momentum for the initial i-th muon and the

final hard muon, respectively, and m� is the dark matter mass. With these cuts, the main

standard model background processes are

�µ+
! µ+Z,Z ! ⌫⌫̄ (11)

�µ+
! ⌫̄µW

+,W+
! ⌫µµ

+, (12)

as shown in Fig. 4.

For the mono-� channel, the signal processes are following;

�� ! ��̄� (13)

�µ+
! ��̄⌫̄µ� (14)

µ+µ+
! ⌫̄µ⌫̄µ�

+�+. (15)

The representative diagrams are shown in Fig. 5. We have two main di↵erences in this

channel compared with µ+µ� colliders discussed in Ref. [17]. First, the DY process is un-

available for µ+µ� colliders. This fact significantly reduces the cross section for the case

of heavy WIMP and spoils the advantage of the mono-� channel. Second, the third mode,

µ+µ+
! ⌫̄µ⌫̄µ�+�+, violates the fermion number. This means that the dark matter must

be Majorana and the amplitude is proportional to the Majorana mass term. This mode is

8

Ryuichiro's talk

https://indico.cern.ch/event/1313131/


•We can look for WIMPs in the sky 
•Establishing clear signals from the sky may prove quite hard, 

due to backgrounds, but are certainly intriguing 
•Signal rates are also subject to uncertainties that can make 

WIMPs not accessible 

•We can try to detect WIMPs from the big-bang 
•Underground ultra-low background experiments can give 

signals soon, but cannot measure the mass of the WIMP 
•Half or so of the WIMP candidates are easily below the 

sensitivity of the next generations of Direct Detection 
experiments 

Even in absence of signals from the sky and from underground 
laboratories in the next 10-20 years there is plenty of room left 

for WIMPs of the most simple kind

CONCLUSIONS AND OUTLOOK
WIMP dark matter can be challengingly heavy for production at colliders … still

Signals from the sky and from underground 
laboratories in the next 10-20 years can be a huge 

motivation for a new collider

Muon collider can probe it all, up to the perturbative unitarity limit
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The 3-10 TeV muon collider can discover Higgsino, Wino and light minimal dark matter (n=2,3,4) up to their thermal mass for 100% of ΩDM

10 TeV is conceivable thanks to the muon beams. Heavier MDM candidates (n=5,7) up to their thermal mass for 100% of  are in reachEcm > ΩDM

In conjunction with direct and indirect detection experiments we have a path forward for 
 the complete and definitive exploration of the idea of WIMPs as Dark Matter
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DM spin EW n-plet M� (TeV) ⇤Landau/M� (�v)J=0
tot /(�v)J=0

max �M0 [MeV] ⇤max
UV (�Mmin

0 )/M� �M� [MeV]

Complex scalar

2 0.58± 0.01 > MPl - 0.22 - 4.6⇥104 - 4.2 - 9600
4 4.98± 0.05 > MPl 0.004 0.22 - 104 - 3.2 - 2000
6 34.9± 0.5 ' 6⇥ 1013 0.016 0.54 - 2300 - 280 - 660
8 88± 2 2⇥ 104 0.12 0.89 - 1.2 ⇥103 - 324 - 507
10 167± 4 20 0.45 1.27 - 800 - 340 - 450

Dirac fermion

2 1.08± 0.01 > MPl - 0.22 - 5000 2 ⇥105 4.8 - 7800
4 4.8± 0.1 ' MPl 0.013 0.21 - 2200 ⇥105 3.6 - 2600
6 31.7± 0.5 2⇥ 104 0.057 0.51 - 510 ⇥104 185 - 780
8 82± 2 14 0.37 0.86 - 800 3000 290 - 550

TABLE I. [DR: write!]

diagrams. Following [? ? ] and thus extending the dis-
cussion contained in Section VI B of our previous paper
[? ], the Lagrangian that describes the spin-independent
(SI) DM interactions with quarks and gluons at the loop

level can be written as

L
SI
e↵ = fqmq�̄�q̄q +

gq

MDM

�̄i@
µ
�
⌫
�O

q

µ⌫
+ fG�̄�G

a

µ⌫
G

aµ⌫
,

(28)
where we have introduced the (quark) twist-2 operator
O

q

µ⌫
⌘

i

2 q̄
�
Dµ�⌫ +D⌫�µ �

1
2gµ⌫

/D
�
. The expression of

the Wilson coe�cients in now more complicated with re-
spect to the Y = 0 case [? ] and reads [? ]
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(29)

where mh is the mass of the Higgs and c = 1.32, b =
1.19, t = 1. The loop functions g{H,S,T1,W,Z} have been
evaluated in what follows in the limits

w ⌘
m

2
W

M
2
DM

! 0, z ⌘
m

2
Z

M
2
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! 0, y ⌘
m

2
t

M
2
DM

! 0.

Furthermore we have defined

a
V

q
=

T3q

2
�Qqs

2
w
, a

A

q
= �

T3q

2
,

where cw, sw are the cosine and the sine of the Weinberg
angle, respectively. Note that, from the physical point
of view, the terms proportional to Y correspond to the
exchange of Z bosons inside the EW loops.

After the IR matching of these coe�cients at the nu-
cleon level [? ], we can express the SI elastic cross-section
per nucleon (for MDM � mN ) as

�SI '
4

⇡
m

4
N
|k

EW
N

|
2
, (30)

where mN is the mass of the nucleon and

k
EW
N

=
X
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EW
q
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3

4
(q(2)+q̄(2))gEW

q
�
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9↵s

fTGf
EW
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.

(31)
The nucleon form factors are defined as fTq =
hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq and

hN(p)|Oq

µ⌫
|N(p)i = (pµp⌫ �

1
4m

2
N
gµ⌫)(q(2) + q̄(2))/mN ,

where we have defined q(2) and q̄(2) as the second
moments of the parton distribution functions for a quark
or antiquark in the nucleon [? ]. The values of the form
factors are taken from the results of direct computation
on the lattice, as reported by the FLAG Collaboration
[? ] in the case of Nf = 2 + 1 + 1 dynamical quarks [?
? ]. Since Y 6= 0, the up and down quarks give di↵erent
contributions to the SI cross section (30) and, thus, we
have in principle to distinguish between fTu and fTd.
The ETM Collaboration [? ] has computed the form
factors in the case of degenerate light quarks and, since
the simulations have been performed in isoQCD, we can
take fTu = fTd.
In Figure 2 the SI cross sections for all the multiplets

3

DM spin EW n-plet M� (TeV) (�v)J=0
tot /(�v)J=0

max ⇤Landau/MDM ⇤UV/MDM

Real scalar

3 2.53± 0.01 – 3⇥ 1037 4⇥ 1024*

5 15.4± 0.7 0.002 5⇥ 1036 2⇥ 1024

7 54.2± 3.1 0.022 2⇥ 1019 2⇥ 1024

9 117.8± 15.4 0.088 3⇥ 103 2⇥ 1024

11 199± 42 0.25 20 3⇥ 1024

13 338± 102 0.6 3.5 3⇥ 1024

Majorana fermion

3 2.86± 0.01 – 3⇥ 1037 8⇥ 1012*

5 13.6± 0.8 0.003 3⇥ 1017 5⇥ 1012

7 48.8± 3.3 0.019 1⇥ 104 4⇥ 107

9 113± 15 0.07 30 3⇥ 107

11 202± 43 0.2 6 3⇥ 107

13 324.6± 94 0.5 2.6 3⇥ 107

TABLE I. Freeze-out mass predictions for WIMP DM in real EW multiplets with Y = 0. The annihilation cross-section
includes both the contribution of SE and BSF. We provide a measure of how close the DM annihilation cross-section is to the
unitarity bound for s-wave annihilation (�v)J=0

max = 4⇡/M2
DMv. Approaching the unitarity bound, the error on the WIMP mass

grows proportionally to the enhancement of the next-to-leading order (NLO) contributions estimated in Eq. (23). We derive
the scale where EW gauge coupling will develop a Landau pole by integrating-in the WIMP multiplet at its freeze-out mass.
The stability of both scalar and fermionic DM can always be enforced by requiring a Z2 symmetry in the DM sector to forbid
DM decays. This symmetry forbids the scalar and fermionic 3-plets decay at renormalizable level as indicated by the *. The
value of the UV cut-o↵ ⇤UV gives an idea of the required quality for this symmetry to make DM stable and avoid stringent
bounds on decaying DM (⌧DM > 1028sec) [26]: a new physics scale lower than ⇤UV would require a Z2 to explain DM stability,
while a cut-o↵ higher than ⇤UV would make DM stability purely accidental.

with the uncertainty dominated by 2-loop contributions
proportional to ↵

2
2mt/16⇡. These have been explicitly

computed in Ref.s [31, 32] giving a precise prediction for
the lifetime of the singly-charged component, which de-
cays to the neutral one mainly by emitting a charged pion
with

c⌧�+ '
120 mm

T (T + 1)
, (4)

where 2T + 1 = n. The suppression of the lifetime
with the size of the EW multiplet can be understood
in the M� � mW limit where the mass splitting between
the charged and neutral components is independent of n
while the coupling to W is controlled by

p
T (T + 1)/2.

As we will discuss in Sec. VB, the production of a singly
charged DM component at colliders gives the unique op-
portunity of probing EWmultiplets with n = 3 and n = 5
through disappearing tracks [4, 24, 33–35].

Interestingly, the IR generated splitting from gauge bo-
son loops is not modified substantially by UV contribu-
tions. The latter are generated only by dimension 7 (di-

mension 6) operators if the DM is a Majorana fermion
(real scalar) and can be written as

�LI �
cI

⇤nI
UV

�
a
�
b(H†

T
a
H)(H†

T
b
H) , (5)

with nI = 3, 2 for I = f, s. This corresponds to a split-
ting �MI ' cIv

4
/⇤nI

UVM
3�nI
�

which is always negligible
with respect to the residual error on the 2-loop splitting
for ⇤UV & 100 TeV and cI ⇠ O(1).
We now move to discuss DM stability. In the case of

the EW 3-plet, the renormalizable operators �H†
H and

�HL, for scalars and fermions, respectively, can induce
fast DM decay. We assume these operators to be forbid-
den by a symmetry (e.g. a discrete Z2-symmetry) acting
only on the DM sector. For all the other n-plets with
n � 5, instead, Z2-odd operators are accidentally absent
at renormalizable level.

Higher dimensional operators that break the Z2-
symmetry are in general expected to be generated at the
ultraviolet cut-o↵ scale ⇤UV. We sketch here the oper-
ators of lowest dimension that can induce the decay of
scalar and fermionic WIMPs for generic n:
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Table 1 Thermal masses of complex WIMPs with Y ̸= 0, obtained
including Sommerfeld enhancement and BSF. The upper bound on n
for even multiplets comes from the perturbative unitarity bound, as
can be seen from the (σv)J=0

tot /(σv)J=0
max , where (σv)J=0

max is the max-
imal allowed annihilation cross section [4]. The loss of perturbativity
is also signaled by the Landau pole "Landau progressively approaching
the DM mass. The upper bound on odd n with Y = 1 comes from the
perturbativity of the higher dimensional operators generating δm0 . For
multiplets with n > 5 the largest UV cutoff "max

UV required to generate

the minimal viable splitting is smaller than 10MDM. For each candidate
we provide the allowed range for the mass splittings. The lower limit
on δm0 comes from strongest bound between direct detection and BBN
as shown in Fig. 1. The upper bound from the most stringent condition
between DD constraint from PandaX-4T [5] and the perturbativity of
the coupling of O0 in Eq. (1). Similarly, the lower limit on δmQM comes
from the BBN bound on the charged state decay rate, while the upper
limit from the strongest limit between DD and the perturbativity of the
coupling of O+ in Eq. (1)

DM spin nY MDM (TeV) "Landau/MDM (σv)J=0
tot /(σv)J=0

max δm0 [MeV] "max
UV /MDM δmQM [MeV]

Dirac fermion 21/2 1.08 ± 0.02 > MPl – 0.22–2 × 104 107 4.8–104

31 2.85 ± 0.14 > MPl – 0.22–40 60 312–1.6 ×104

41/2 4.8 ± 0.3 ≃ MPl 0.001 0.21–3 × 104 5 × 106 20–1.9 ×104

51 9.9 ± 0.7 3 × 106 0.003 0.21–3 25 103 − 2 × 103

61/2 31.8 ± 5.2 2 × 104 0.01 0.5–2 × 104 4 × 105 100–2 × 104

81/2 82 ± 8 15 0.05 0.84–104 105 440–104

101/2 158 ± 12 3 0.16 1.2–8 × 103 6 ×104 1.1 × 103–9 × 103

121/2 253 ± 20 2 0.45 1.6–6 × 103 4 ×104 2.3 × 103–7 × 103

Complex scalar 21/2 0.58 ± 0.01 > MPl – 4.9–1.4 × 104 – 4.2–7 × 103

31 2.1 ± 0.1 > MPl – 3.7–500 120 75–1.3 ×104

41/2 4.98 ± 0.25 > MPl 0.001 4.9–3 × 104 – 17–2 ×104

51 11.5 ± 0.8 > MPl 0.004 3.7–10 20 650–3 ×103

61/2 32.7 ± 5.3 ≃ 6 × 1013 0.01 4.9–8×104 – 50–5 × 104

81/2 84 ± 8 2 × 104 0.05 4.9–6 ×104 – 150–6 × 104

101/2 162 ± 13 20 0.16 4.9–4 × 104 – 430–4 × 104

121/2 263 ± 22 4 0.4 4.9–3 × 104 – 103–3 × 104

to test all the viable WIMP scenarios. In particular, we will
show how future large exposure direct detection experiments
together with a future high energy muon collider will probe
complementary portions of the complex WIMP parameter
space being potentially able to fully test the theoretically
allowed WIMP scenarios.

Our results are summarized in Table 1, whose logic
can be explained as follows. Once the DM mass is fixed
from the freeze-out predictions, the phenomenology of com-
plex WIMPs depends essentially on two parameters: (i) the
“inelastic” splitting between the-next-to lightest neutral com-
ponent and the DM; (ii) the “charged” splitting between the
charged components and the DM. In our setup these split-
tings are generated by its (non-renormalizable) interactions
with the SM Higgs (generated by unspecified UV dynamics).

The inelastic splitting δm0 is bounded from below by DD
constraints [6,7] and BBN constraints on the decay of the
next to lightest neutral component. Interestingly, this require-
ment alone selects a limited number of complex WIMPs: (i)
scalar and fermionic WIMPs with Y = 1/2 and even n up to
the unitarity bound of the freeze-out annihilation cross sec-
tion [4]; (ii) scalar and fermionic WIMPs with Y = 1 and
n = 3, 5. Multiplets Y = 1 and n > 5 or with higher hyper-
charges are excluded. At the same time, the inelastic splitting

is bounded from above by DD constraints on Higgs-mediated
nuclear recoils. This leaves a finite window for the inelastic
splitting of every multiplet which we report in Table 1. This
window will be further probed by large exposure DD exper-
iments such as LZ [8], XENONnT [9], and ultimately by
DARWIN/G3 [10,11].

The natural value of the charged splitting δmQ is fixed by
the radiative EW contributions [12–14] but (non-renormalizable)
interactions with the SM Higgs can induce large deviation
from this value. In particular, for all the n-plets with non-
maximal hypercharge, these interactions are required to make
the DM stable.

The allowed range of the two splittings above controls
the hierarchy of the states within the EW multiplet. In this
parameter space one can map out the expected signals in
a future hypothetical muon collider [15]. Depending on the
lifetime of the charged states we can have different signatures
at colliders: (i) long lived charged tracks; (ii) disappearing
tracks (DT); (iii) missing energy accompanied by an EW
bosons. While the first two searches rely on the macroscopic
decay length of the charged states, the last is directly related
to the DM pair production recoiling against one (or more)
EW boson. In general, a future muon collider could comple-
ment the large exposure DD experiments in probing complex
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Table 1 Freeze-out mass predictions for WIMP DM in real EW mul-
tiplets with Y = 0. The annihilation cross-section includes both the
contribution of SE and BSF. We provide a measure of how close the
DM annihilation cross-section is to the unitarity bound for s-wave anni-
hilation (σv)J=0

max = 4π/M2
DMv. Approaching the unitarity bound, the

error on the WIMP mass grows proportionally to the enhancement of
the next-to-leading order (NLO) contributions estimated in Eq. (23).
We derive the scale where EW gauge coupling will develop a Landau
pole by integrating-in the WIMP multiplet at its freeze-out mass. The

stability of both scalar and fermionic DM can always be enforced by
requiring a Z2 symmetry in the DM sector to forbid DM decays. This
symmetry forbids the scalar and fermionic 3-plets decay at renormaliz-
able level as indicated by the *. The value of the UV cut-off #UV gives
an idea of the required quality for this symmetry to make DM stable
and avoid stringent bounds on decaying DM (τDM > 1028s) [26]: a new
physics scale lower than #UV would require a Z2 to explain DM stabil-
ity, while a cut-off higher than #UV would make DM stability purely
accidental

DM spin EW n-plet Mχ (TeV) (σv)J=0
tot /(σv)J=0

max #Landau/MDM #UV/MDM

Real scalar 3 2.53 ± 0.01 – 2.4 × 1037 4 × 1024*

5 15.4 ± 0.7 0.002 7 × 1036 3 × 1024

7 54.2 ± 3.1 0.022 7.8 × 1016 2 × 1024

9 117.8 ± 15.4 0.088 3 × 104 2 × 1024

11 199 ± 42 0.25 62 1 × 1024

13 338 ± 102 0.6 7.2 2 × 1024

Majorana fermion 3 2.86 ± 0.01 – 2.4 × 1037 2 × 1012*

5 13.6 ± 0.8 0.003 5.5 × 1017 3 × 1012

7 48.8 ± 3.3 0.019 1.2 × 104 1 × 108

9 113 ± 15 0.07 41 1 × 108

11 202 ± 43 0.2 6 1 × 108

13 324.6 ± 94 0.5 2.6 1 × 108

for scalars and fermions, respectively, where Dµ = ∂µ −
ig2Wa

µT
a
χ is the covariant derivative, and T a

χ are generators
in the n-th representation of SU(2). The Lagrangian for the
real scalar in Eq. (1) also admits quartic self-coupling and
Higgs-portal interactions at the renormalizable level. The lat-
ter is bounded from above by direct detection constraints (see
Fig. 8 right) and gives a negligible contribution to the anni-
hilation cross-section.1

The neutral component and the component with charge
Q of the EW multiplet are splitted by radiative contributions
from gauge boson loops. In the limit mW ≪ MDM these
contributions are non-zero and independent on Mχ . This fact
can be understood by computing the Coulomb energy of a
charged state at distance r ! 1/mW or the IR mismatch
(regulated by mW ) between the self-energies of the charged
and neutral states. The latter can be easily computed at 1-loop
[28–30],

MQ − M0 ≃ Q2αemmW

2(1 + cos θW )
= Q2 × (167 ± 4) MeV, (3)

with the uncertainty dominated by 2-loop contributions pro-
portional to α2

2mt/16π . These have been explicitly computed
in Refs. [31,32] giving a precise prediction for the lifetime of
the singly-charged component, which decays to the neutral

1 No other quartic coupling is allowed since χT a
χ χ identically vanishes.

Indeed, (T a
χ )i j is antisymmetric in i, j , being the adjoint combination

of two real representations, while χiχ j is symmetric.

one mainly by emitting a charged pion with

cτχ+ ≃ 120 mm
T (T + 1)

, (4)

where 2T + 1 = n. The suppression of the lifetime with the
size of the EW multiplet can be understood in the Mχ ≫ mW
limit where the mass splitting between the charged and neu-
tral components is independent of n while the coupling to
W is controlled by

√
T (T + 1)/2. As we will discuss in

Sect. 5.2, the production of a singly charged DM compo-
nent at colliders gives the unique opportunity of probing EW
multiplets with n = 3 and n = 5 through disappearing tracks
[4,24,33–35].

Interestingly, the IR generated splitting from gauge boson
loops is not modified substantially by UV contributions. The
latter are generated only by dimension 7 (dimension 6) oper-
ators if the DM is a Majorana fermion (real scalar) and can
be written as

)LI ⊃ cI
#

nI
UV

χaχb(H†T aH)(H†T bH), (5)

with nI = 3, 2 for I = f, s. This corresponds to a splitting
)MI ≃ cI v4/#

nI
UVM

3−nI
χ which is always negligible with

respect to the residual error on the 2-loop splitting for #UV !
100 TeV and cI ∼ O(1).

We now move to discuss DM stability. In the case of the
EW 3-plet, the renormalizable operators χH†H and χHL ,
for scalars and fermions, respectively, can induce fast DM
decay. We assume these operators to be forbidden by a sym-
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tion in Eq. (22) is:

VH (r) = −
(

λDv

8π#UV

)2 e−mhr

r
. (B14)

Such potential is shorter range with respect to typical EW
Yukawa potentials, due to the larger Higgs mass as com-
pared to weak boson masses. We find that VH (r) is negligible
compared to the size of the EW potential α2/r for the mass
splittings of our interest.

Appendix C: Millicharged WIMPs

Complex WIMPs with Y = 0 have an unbroken U (1) fla-
vor symmetry which can be gauged by a new dark photon.
Generically the dark photon would mix with the visible one
through a kinetic mixing operator ϵFF ′ and the complex
WIMP would acquire a EM charge ϵ. In this scenario the
dark gauge symmetry makes the DM accidentally stable as
noticed in Ref. [3] at the price of giving up charge quantiza-
tion. Here we want to summarize the freeze-out predictions
and the basic phenomenology of millicharged WIMPs in the
limit of very small ϵ (i.e. ϵ < 10−10) when their phenomenol-
ogy resemble the one of the real WIMPs discussed in Ref.
[1].

Concerning the freeze-out dynamics, the only difference
between real and millicharged WIMPs is in the existence of
BS with PBS = (−1)L+S+ I−1

2 = −1 formed by χ̄χ pairs
of millicharged WIMPs. These are forbidden by the spin-
statistic properties of the χχ wave function for real WIMPs.
Since PBS is preserved by dipole interactions for Y = 0,
to leading order no transitions can occur between states with

opposite PBS and excited BS with PBS = −1 will dominantly
decay to 1s and 2s states with the same PBS. The latter have
small decay widths with respect to their PBS = 1 counter-
parts. nsS=1

1 and nsS=1
5 annihilate into four vectors with a

rate

'(nsS=1
1,5 → VVVV ) ≃ α4

eff

16π2M2
DM

|Rn0(0)|2
M2

DM
, (C1)

while nsS=0
3 annihilates into three vectors with rate:

'(nsS=0
3 → VVV ) ≃ α3

eff

4πM2
DM

|Rn0(0)|2
M2

DM
. (C2)

where Rn0 ∼ (αeffMDM)3/2 is the radial wave function of the
BS at the origin. As noticed in Ref. [3] for the millicharged 3-
plet a large resonance in the Sommerfeld enhancement leads
to two different freeze out predictions. We summarize our
freeze out predictions in Table 2.

For completeness, in Fig. 7 we show the SI scattering
cross-section of DM on xenon nuclei for the different mil-
licharged candidates. This cross-section is identical to that
computed for real candidates with ϵ ! 10−10 [3,88], while
larger ϵ would open up new opportunities for direct detection
(see e.g. Fig 1 of [3]). From Fig. 7 we see that even in the
worst case scenario of very small millicharge large exposure
experiments will be able to fully probe millicharged WIMPs
with 200 ton-year exposure. The heavier multiplets could be
also firmly discovered at DARWIN with kiloton exposure.

Table 2 Freeze-out mass predictions for millicharged WIMP DM. The
annihilation cross-section includes both the contribution of SE and BSF.
For the triplets, a second prediction, denoted with a *, for the thermal
mass is present due to the emergence of a large resonance in the Som-
merfeld enhancement for MDM ≈ 2.4 TeV. We provide a measure of

how close the DM annihilation cross-section is to the unitarity bound
for s-wave annihilation (σv)J=0

max = 4π/M2
DMv. We derive the scale

where EW gauge coupling will develop a Landau pole by integrating-in
the WIMP multiplet at its freeze-out mass

DM spin nϵ MDM (TeV) #Landau/MDM (σv)J=0
tot /(σv)J=0

max

Complex scalar 3 1.60 ± 0.01 − 2.4∗ > MPl –

5 11.3 ± 0.6 > MPl 0.003

7 47 ± 3 2 × 106 0.02

9 118 ± 9 110 0.09

11 217 ± 17 7 0.25

13 352 ± 30 3 0.6

Dirac fermion 3 2.0 ± 0.1 − 2.4∗ > MPl –

5 9.1 ± 0.5 4 × 106 0.002

7 45 ± 3 80 0.02

9 115 ± 9 6 0.09

11 211 ± 16 2.4 0.3

13 340 ± 27 1.6 0.7
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FIG. 2. Expected SI cross-sections for Dirac (blue) and com-
plex scalar n-plets (red) for each representation, neglecting
the contributions from the Higgs portals. The vertical error
bands correspond to the propagation of LQCD uncertainties
on the elastic cross-section (30), while the horizontal error
band comes from the theory determination of the WIMP freeze
out mass. In dark green we show the present experimental
contraints from XENON-1T [? ] and PandaX-4T [? ], the
green dashed line shows the reach of LZ [? ] and the brown
green dot-dashed line the ultimate reach of DARWIN [? ].
Finally, the light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [? ].

allowed by both the DD and the BBN bounds are com-
pared with the experimental bounds. A large exposure
experiment like DARWIN [? ] is in principle able to
exclude all the candidates with even n � 4, similarly to
what we have found for the real WIMP candidates in our
previous work [? ]. The only exceptions are the n = 2
WIMPs, whose SI cross-sections lie below the neutrino
floor [? ] and which are thus invisible to DD experi-
ments. The physical reason of this fact is the possible
cancellation that can occur between the various terms in
Eq. (31). For illustrative purposes, in Figure 3 we show
the SI cross sections for the values of {n, Y } of interest,
by keeping the Higgs mass as a free parameter. This plot
is a sort of update of the ones in [? ]. The first observa-
tion is that the n = 2 candidates are a↵ected by a huge
cancellation for the measured value of the Higgs mass.
On the contrary, for what concerns the even n � 4 rep-
resentations the entity of the cancellation is very similar
to what we have found for the real WIMP candidates in
our previous work [? ].

To summarize, we recall that in the SI cross-sections
shown in Figure 2 we have not included the contribution
from the Higgs portals. This is for sure a good approxi-
mation for the portals responsible for the charged-neutral
mass splitting. We anticipate here that in the non-
minimal splitting scenarion, instead, the Higgs-mediated
SI cross-sections sourced by the neutral-mixing operators
are again negligible in the scalar case, while in general can
give contributions to the fermionic cross-sections compa-
rable with the ones from EW loops.

[LV: Final paragraph on collider] For the above
reasons, it’s interesting to test the minimal splitting sce-
nario at colliders, especially for n = 2. The kinematic
constrain of pair producing the DM particles makes direct

FIG. 3. Spin-Independent (SI) cross section �SI as a function
of the Higgs mass mh for various choices of the couple {n, Y },
allowed by both the DD and the BBN constraints. [LV: To
be shown? If yes, no {3.1}]

searches at colliders of energies
p
s  14 TeV impossible

for n � 6. For the n < 6 candidates, the two strate-
gies available are the missing invariant mass (MIM) and
disappearing tracks (DT) searches. The former is essen-
tially independent on the splitting values: the needed col-
lider energies for DM pair production are O(1÷10) TeV,
much larger than the maximum generated splitting. We
will focus on these searches in the more general case of
Sec.IV and App.C. The DT searches in general require,
at fixed MDM, a scan in the (�m0, �m+) to compute the
signal. In general it’s not possible to neglect one of the
two splittings because the signal depends exponentially
on the lifetime of the charged particles, which are deter-
mined by a combination of both �m0, �m+, with a cubic
or quintic power depending on the kinematic threshold.
More importantly, the value of the two splittings deter-
mine the mass hierarchy of the particles in the multiplet:
this changes the expression of the track cross section.
In the minimal splitting case many of these subtleties
can be avoided: indeed for n < 6, the minimal splitting
between the neutral particles is of order O(100) KeV.
Prospected geometries for detectors at muon colliders en-
vision the position of the second double layer of the inner
tracker (the minimum needed to reconstruct a tracklet)
at roughly 5 cm from the interaction point [? ]. The dis-
appearing condition translates to decaying before reach-
ing the outer part of the tracker, which translates in the
proposed geometry to decaying before roughly 13 cm. By
estimating the lifetime of a charged particle with splitting
with the DM � as:

� =
GF �

3

8⇡
(32)

equating c⌧ = ��1 to the decay volume boundaries gives
� ⇠ O(100) MeV, much larger than the minimal split-
ting between the neutral particles. Therefore in the min-
imal splitting limit we can neglect �m0 and simply scan
over �m+. Following [? ], we employ two di↵erent DT
signal regions: i)events with at least one disappearing
track in addition to a hard photon with energy E� > 25
GeV, ii) events with two disappearing tracks, one of
which is short, and the hard photon. The former has
a signal-to-noise ratio of order 1, while the latter is back-
ground free. To compute the number of expected events,

DIRECT DETECTION

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation 
(many excesses in the past in this type of experiments, though most were at the lowest 

accessible masses)

2030s
up to O(PeV)

Goodman and Witten 1985
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Fig. 3 Top panels: Polar angle distribution from the SM (purple cross),
interference between diagrams mediated by complex scalar (cyan) or
Dirac fermion (green) χ and the SM ones for the e+e−, bb̄, uū and
µ+µ− final states at 10 TeV muon collider. For the computation of

cos θ we assumed the ideal situation in which all the final state particles
charges can be measured. Bottom panels: Ratio of the above for each
fermionic final state

should be systematically resummed in order to retain good
theoretical precision. Furthermore, for a complete treatment
of the radiation one would need to improve LO calculations
by adding real radiation corrections for the neutral current
channel and the necessary virtual corrections for each chan-
nel. Such precise theoretical prediction is not available at this
time. Therefore we adopt a strategy to give predictions that
are sufficiently accurate for our purposes using LO matrix
elements, barring the loop of χ that we always consider
explicitly. To reach our goal we focus on the hard W boson
radiation, where the final state W can be reliably separated
from the rest of the final states and can be reliably treated by
the LO matrix element of the µ+µ− → W± f f̄ ′ process. In
particular, we require that the W boson carries a significant

part of the total center-of-mass energy, so that

0.5 · Ecm < m( f ′ f̄ ) < 0.9 · Ecm . (2)

Furthermore, we require that the W boson is in the detector
acceptance by requiring

8◦ < θ(W ) < 172◦, (3)

similarly to our selection for the NC channel explained in
later Sect. 5. In our study we only consider hadronic and
semi-leptonic final state, i.e. onlyµ+µ− → W±(→ j j)e∓ν

and µ+µ− → W±(→ e±ν, µ±ν, j j) j j are included in our
analysis.

In Fig. 6, we show the importance of the CC channel,
by comparing it with the NC channel, taking the Majorana
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Fig. 4 Charged current diagrams from new electroweak matter χ

Fermion with n = 3 as an example. The DM mass is 2.86
TeV, and we can see that for Ecm < 2M = 5.76 TeV, the
required luminosity decreases as the energy increases, and
reaches the minimal value at the threshold Ecm = 2M . In
such region, due to limited cross section, the importance of
the CC channel defined as Eqs. (2)–(3) is negligible com-
pared to the NC channel. As Ecm increase the real part of the
interfering s-channel BSM amplitudes decreases and reaches
a zero around Ecm ∼ 9 TeV, thus leaving only the t-channel
effects through µ+µ− final state to provide a very loose
constraint from NC processes. On the other hand, for the
CC channel the Q2 is reduced due to the W radiation and
the real part of the loop function IA(Q2) is no longer zero.
Under these conditions the CC provides a better probe than
NC channel and contributes significantly to the overall sensi-
tivity to χ from the precision measurements that we consider
at the muon collider.

5 Mass reach on thermal WIMPs

To derive results from the general calculations introduced in
the above Sects. 3 and 4 we mimic experiments condition by
considering detector acceptance and efficiencies explained
in the following. All the calculations have been carried

out using a customized model of MadGraph5_aMC@NLO
[41] that allows to deal with χ loops as described in
Appendix A. The actual implementation of the effects of
χ in a MadGraph5_aMC@NLO model is based on the gen-
eration of one-loop triangle diagrams using Qgraf [42] and
process them through FORM [43]. The one-loop integrals
are reduced to scalar integrals using Kira [44]. The one-loop
scalar integrals are evaluated by LoopTools [45]. Besides
the triangle diagrams, we also included bubble diagrams, as
well as relevant counter terms introduced through renormal-
isation.

The SM amplitudes in our calculations are computed at the
leading order in perturbation theory. Radiative corrections of
pure SM origin will have to be included when comparing
the real data with SM theory predictions. For our purpose
of evaluating the significance and the signal-to-noise ratio
from the new physics weak particles χ these SM radiative
corrections play a subdominant role as they give perturba-
tive small changes in the differential distributions and even
smaller effects in the relatively inclusive fiducial rates that
we use to assess the sensitivity to χ . In the case of charged
current scattering the issue is more subtle, as these scatter-
ings arise at one order higher than neutral current ones, as
described in Sect. 4. We recall that the phase space in which
we study these processes, defined in Eqs. (2) and (3), has
been tailored to minimize possible issues of exclusivity and
mixing with neutral current channels.

Uncertainties in the knowledge of the SM expectation in
each signal region can arises from theoretical limitations as
well as experimental issues. These uncertainties will limit the
capability to probe Dark Matter. In the following we show
explicitly at what point in our limits a systematic uncertainty
of order 1% and 0.1% would start to be relevant. Such lev-

Fig. 5 Differential distribution of the normalized W boson energy (xW = 2EW /Ecm ) and maximal cos θ(W, f )( f = µ+, µ−, u, d̄) for the
µ+µ− → W−ud̄ in the SM and the interference with a Majorana fermion 5-plet at the 3 TeV and 14 TeV muon collider
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ings arise at one order higher than neutral current ones, as
described in Sect. 4. We recall that the phase space in which
we study these processes, defined in Eqs. (2) and (3), has
been tailored to minimize possible issues of exclusivity and
mixing with neutral current channels.

Uncertainties in the knowledge of the SM expectation in
each signal region can arises from theoretical limitations as
well as experimental issues. These uncertainties will limit the
capability to probe Dark Matter. In the following we show
explicitly at what point in our limits a systematic uncertainty
of order 1% and 0.1% would start to be relevant. Such lev-

Fig. 5 Differential distribution of the normalized W boson energy (xW = 2EW /Ecm ) and maximal cos θ(W, f )( f = µ+, µ−, u, d̄) for the
µ+µ− → W−ud̄ in the SM and the interference with a Majorana fermion 5-plet at the 3 TeV and 14 TeV muon collider
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Figure 1: Annihilation cross sections of the wino-like EWDM for the mass splitting δm+ ≡
mχ+ − mχ0 =166 MeV (blue solid) and 15 MeV (red dotted). The brown dot-dashed line shows
the tree-level cross section.
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Figure 2: Annihilation cross sections for the wino-like EWDM with δm+ = 15 MeV. The solid
blue and red dotted lines show the results with and without the EM interaction, respectively. The
brown dot-dashed line is the tree-level cross section.

mass gap between the dark matter and charged states is small. Furthermore, one finds

that the behavior of the annihilation cross section without the EM interaction is almost

the same as in Figure 1, where the influence of the EM interaction is blocked by a larger

mass gap. This tells us that the SRT effect is insensitive to the mass gap as far as there is

no long-range EM interaction.

The weak interaction via the Z or W boson exchange behaves like a long range inter-

action for a large DM mass, as can be seen in the large mass limit of Figures 1 and 2, where

a sizeable SRT enhancement is present. A similar effect is expected to occur if smaller Z
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