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Abstract Dark Matter is a necessary ingredient for a com-
plete theory of Nature, which has so far remained elusive in
laboratory searches for new particles. Searches at current and
future colliders are in principle a promising way to search for
electroweak charged dark matter particles, but the sensitivity
of experiments at the LHC and future pp colliders falls short
to fully probe the whole mass range allowed for electroweak
charged dark matter particles, which extends in principle up
to the O(0.1) PeV. In this work we examine the effect of
on-shell and off-shell propagation of electroweak charged
thermal dark matter particles on integrated and differential
rates of several Standard Model final states at the muon col-
lider, considering candidates from weak 2-plet at the TeV
scale up to 7-plet and 9-plet in the O(0.1) PeV ballpark. For
fermionic WIMPs we find that all dark matter candidates
with n < 5, corresponding to a thermal mass up to 14 TeV,
can be probed at the high-energy muon collider for some
center-of-mass energy at or below 14 TeV. For the n > 5
WIMPs our results show that higher energy muon colliders
offer a route to conclusively probe both scalar and fermionic
WIMPs off-shell production all the way up to the perturba-
tivity bound for WIMP dark matter at O(0.1) PeV. Our results
bring WIMPs over the whole allowed mass range in the realm
of collider searches and motivate research and development
for the realization of a high energy muon collider.

1 Introduction

Some kind of new matter is required by several probes of
physics at the macroscopic scale in the present day Universe
(e.g. [1,2]) as well as by probes of the Early Universe. What
interactions are felt by this new form of matter is a subject
of investigation, as, so far, observations require only gravity
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to be felt by this kind of matter. Strikingly, the new form of
matter needed to explain the afore mentioned observations
is required to not have any significant electromagnetic inter-
actions, so that it does not easily emit light (if at all) and
remains essentially inert in long-distance physics, except for
gravity. The lack of electromagnetic interactions for this type
of new matter has earned it the nickname “dark matter”.

Given this observational situation, dark matter currently
is an “umbrella” term that embraces a large number of pos-
sible microscopic realization of new matter, as well possible
macroscopic objects, which can fit with gravitational obser-
vations. The large number of possibilities that exist for pos-
sible realizations of dark matter has initiated a number of
experimental initiatives targeted to broad categories of can-
didates (axions [3], WIMPS [4], extended objects such as
roughly solar mass BH [5-7], galaxy-sized fields [§]...) as
well as more specific searches which may be sensitive only
to a narrow category of candidates (BH observables, e.g.
superradiance [9-12], fuzzy-dynamics in galaxies, and more
[13-16]). In this work we will attack the question on the
possible discovery of Weakly Interacting Massive Particles
(WIMP) dark matter by producing on-shell or off-shell it in
high-energy collisions at particle accelerators.

WIMPs emerge as a most simple dark matter candidate, as
they are massive particle carrying electroweak charge under
the Standard Model SU(2) x U(1) gauge dynamics and
they can be produced in the Early Universe by the so-called
thermal freeze-out mechanism [17]. Thermal freeze-out is a
very attractive mechanism as it provides a very simple link
between the present day abundance of DM and the moment
in the evolution of the Early Universe in which the dark mat-
ter particles have stopped being in thermodynamical equi-
librium with the rest of the SM particles. This moment of
“decoupling” is in turn set by a Boltzmann equation and two
microscopic parameters of the dark matter: the mass and the
strength of its interaction with the SM matter. As strong inter-
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actions would pose a number of problems for a dark matter
candidate,! thermal freeze-out is ruled by the dark matter
charge under the SU (2) x U (1) gauge dynamics of the SM,
and possible interactions of the dark matter with the Higgs
boson. Choosing an electroweak representation, freeze-out
dynamics provides a sharp prediction for the dark matter
mass, hence making the scenario very simple and predictive.

While the attention has long time been on the simplest
WIMP candidates, e.g. weak 2-plets and 3-plets appearing in
supersymmetric models, the landscape of WIMP dark matter
candidates is much wider. Indeed, the possibility to consider
n > 3 electroweak representations for the dark matter candi-
dates lends itself to use the general WIMP to build a catalog
[19,20] of concrete and predictive dark matter scenarios that
embrace the whole big range of mass scales identified by the
thermal freeze-out [21,22] from the the 10 GeV scale to the
fraction of PeV.

With such large range for WIMP dark matter mass it
is impossible to have a single experiment that can cover
the whole range. Especially for experiments at colliders, a
great challenges resides in the possibility that dark matter
mass is well beyond the TeV scale. As collider experiments
attempt to produce the WIMP in the laboratory, the center
of mass energy required to produce the new particle can be
prohibitively large. The possibility to envision high energy
lepton collider, e.g. muon colliders [23-31], up to center of
mass energies in excess of 10 TeV offers new possibilities in
this direction. This possibility is particularly exciting in view
of the limited mass reach that even a futuristic 100 TeV pp
collider will attain due to reduced center of mass energy at
which the proton constituents collide [32-34].

In this work we study the potential of high energy muon
colliders to observe signals from dark matter candidates in
SM measurements of scattering processes such as

wruT = ff+X,
which has been previously considered in [34] as well as new
channels

wruT - ff+X,
where f and f’ charges differ by one unit, hence the hard
scattering involves charged currents, and diboson final states

wrpnT = Zh/WTWT 4+ X.

In our work we discuss how one can exploit differen-
tial measurements by using final states f for which reliable
charge and particle identification is possible. We also discuss
the gain that can be attained from releasing these stringent
charge and particle identification requirements and exploit-
ing fiducial cross-section measurements that are available for
a larger set of detector objects.

! See e.g. Ref. [18] and references there in for ways out along this route.
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Table1 Values of the WIMP thermal masses corresponding to SU (2) x
U (1)y quantum numbers, n stands for the dimensionality of the SU (2)
multiplet and Y is the hypercharge eigenvalue. Mass values taken from
Refs. [19,20]

n Y (n,Y) MFp/TeV Mg/TeV
1/2 2,1/2) 1.1+0.1 0.58 £0.01
3 0 (3,0 2.86 £ 0.01 2.53+0.01
1 3, D 2.85+0.14 2.12+0.05
4 1/2 4,1/2) 4.79 £0.09 4.98 £0.05
5 0 5,0 13.6 £ 0.8 15.4+£0.7
7 0 (7,0) 48.8+3.3 542 +3.1
9 0 9,0 113 £ 15 117.8 £ 15.4

2 The WIMP catalog

The relic abundance from thermal freeze-out needs to be
computed from a detailed study of the rates DM DM <>
SM SM and other processes that can convert SM states into
DM states. For situations close to the thermal equilibrium
the relevant Boltzmann equations can be simplified and a
rough estimate for the relic abundance €2pjs can be obtained
according to

Qpy ~ 1/o ~ M?/Cy et

where Cp et ~ n3 accounts for the weak charges of the

n-plet. This scaling is obtained barring bound states and
Sommerfeld enhancement, which gets a progressively worse
approximation as n grows. Indeed bound state formation and
Sommerfeld enhancement make grow the rates that keep the
WIMP in equilibrium with the SM and the resulting dark mat-
ter mass for large n-plet is significantly increased by these
physical effects [35].

In Table 1 we report the masses that we use in our cal-
culations for each dark matter candidate. These are taken
from the latest calculations [19] of WIMP thermal masses
for pure SU(2) n-plets with zero hypercharge (Majorana
fermions and real scalars) or suitable pairs of fermions form-
ing a pseudo-Dirac fermion or a complex scalar combination
whose interactions with the Z boson are easily suppressed
as to evade present bounds from direct searches of dark mat-
ter in ultra-low background experiments [36,37] sensitive to
weakly interacting particles. Each particle is represented by
a SU(2) index n and it hypercharge following the notation
n,Y).

It must be noted that upon mixing of different n-plets
the dark matter mass that fits the observed relic abundance
becomes a function of the mixing. In general, mixing a larger
n-plet with a smaller one reduces the mass necessary to repro-
duce the thermal relic abundance compared to the case of pure
n-plet. The reduced thermal mass follows from the smaller
C.eff that characterizes the mixed state. Such reduction of
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Fig. 1 Neutral current diagrams from new electroweak matter x

the mass might have a substantial impact for collider phe-
nomenology as it might make the difference between having
a dark matter candidate outside or inside the kinematic reach
for direct production at a specific collider. On top of reduc-
ing the thermal mass, mixing with smaller n-plets reduces the
expected signal rate by a factor that closely tracks Cj, eff, as
we will see in the following Sects. 3 and 4. As a consequence
it is not possible to establish in full generality if it is easier to
search for pure or mixed state WIMPs. Still, we can conclude
that the pure n-plet is the most demanding candidate in terms
of necessary center of mass energy for direct production as
well as for indirect effects that decouple as 1/M? or faster.
With this spirit in mind we consider the pure n-plet a sensible
benchmark of the reach of colliders. A detailed study would
be necessary for the many possible mixed cases and it is left
for future work.

3 Neutral currents

New electroweak matter affects the production rates of SM
matter through new Feynman diagrams at 1-loop level, as
shown in Fig. 1. For fermion pair productions the new dia-
grams involve only bubble diagrams, whereas bosonic states,
such as the WW depicted in the figure, involve triangle loop
functions. The different loop function structure and num-
ber of x weak couplings make the two types of contribution
rather distinct from each other. In both cases the effect of
the new diagrams can be seen in modifications of both total
and differential rates for the production of the respective SM
final state. Given the large amount of fermionic degrees of
freedom in the SM the largest amount of observable infor-
mation on the possible propagation of x can be gained by
understanding the behavior of the f f final state, on which
we focus first.

Forthe f f final state the leading effect from x comes from
interference between the first diagram in Fig. 1 and the SM
amplitude for the same scattering. The contribution can be
described by the corrections to the gauge boson self-energy,
given by

Fyy Q*14(0%), (1

(0 =5

3 T T L | T T L |

Dirac

2 F Complex Scalar

Re I4(Q?)

4 1 1
0.1 1 10

Q*/m?

Fig. 2 The real part of the finite piece of the loop function /4 (Q?) in
Eq. (1) for the self-energy correction with © = M, corresponding to
the contribution of the left diagram in Fig. 1

where 14 ( QZ) is the loop function that depends on the nature
of the new matter, and Fyy is the collection of couplings
between the vector boson and the new matter, and their
precise expressions are given in the Appendix A. We note
that 74(Q?) is UV-divergent, and hence renormalisation is
required to render it finite. After renormalisation, only the
finite piece of I4(Q?) is relevant for our discussion. We
plot the real part of the finite piece of 74(Q?) in Fig. 2, as
the imaginary part does not interfere with the SM tree-level
amplitudes. We can see that in the region Q% <« M?, the
contribution is suppressed and grows as O(Q%/M?), which
can be well described in EFT. As Q2 increases, the Dirac
Fermion contribution peaks at the threshold Q2 = 4M?, and
decreases afterwards, while the Complex Scalar contribution
peaks at Q% ~ 6M?. We note that for the Dirac Fermion with
0% ~ 10M?, and Complex Scalar with Q% ~ 24M?, the real
partis about zero, which implies that at this point the interfer-
ence is strongly suppressed. The channel ™™ — putu~
does not necessarily suffer this suppression as it also receives
t-channel contribution at a different Q2 region, and hence
becomes important especially close to the zero of the s-
channel. Concretely we will find that the sensitivity of new
weak matter from the p ™ final states is quite limited, so
we will discuss possible remedies to this loss of sensitiv-
ity in Sect. 4. We remark that in nearly all energy ranges
the effects of Dirac Fermion are much larger than Complex
Scalars, which suggests that scalar dark matter is much more
difficult to probe.

Another important feature of the new physics effect in
neutral currents is that it does not depend on the initial and
final state directly, as it merely amounts to corrections to the
gauge boson self-energy. If we consider the g — 0 limit
one can see that the SM and the BSM rates have the same
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dependence on the phase-space for a 2-to-2 scattering. To
support the reasoning above we show in Fig. 3 the differ-
ential rate w.r.t. the polar scattering angle 6 of the pure SM
and of the interference of the BSM with SM amplitude for
four different types of f f ,namely f =u, b, e, /,L,z for both
Y = 0and Y # 0 dark matter candidates at E.,,, = 10 TeV.
Except for the u*p™ channel, the cross-section of the SM
and that of the leading BSM effect are distributed quite simi-
larly over the range of polar angles, following the expectation
for a scattering between left-handed currents, i.e. 6 = 7 is
distinctively suppressed.

Comparing results for (3, 0) and (3, 1) fermions one can
see that the two effect are rather similar in shape. There is
a noticeable difference at cos® = —1, where the effect of
the Majorana (3, 0) goes to zero. This, however, has limited
importance for the sensitivity of our observables, because
at cosf = —1 we expect a low number of events in the
SM. The majority of the data is expected from the region of
cos 6 away from -1. Therefore, we conclude that it is safe to
ignore Y to gain an understanding of the expected results.
Still in our results we will always include the full effect
from Y.

The above observations on the expected shape of the sig-
nal in differential distributions has further consequences. In
fact, we argue that channels containing charge-ID unfriendly
jets, e.g. dd, s5, uii can be used rather effectively to probe
the existence of y. These contributions have not been con-
sidered so far in the literature, which concentrated on the
sensitivity from just charge-aware channels and their differ-
ential distributions (mainly e, u, and b). Given the large rate
of jets these channels can significantly increase the statistics
available for this study at the muon collider, thus speeding up
discovery and making less of a bottleneck the luminosity that
needs to be accumulated in order to gain sensitivity. The flip
side of this strategy is that total rates are more sensitive than
differential rates to dangerous systematic uncertainties, such
as the luminosity measurement. Therefore in the discussion
of our results we will try to delimit up to what point these
total-rate observables can improve the sensitivity of the muon
collider.

2 f = v is also possible, but in order to be observed it needs to be
dressed with radiation of a Z boson or a y. This results in mono-y
and mono-Z signals, which have been studied at the muon collider in
Refs. [19,38]. These final states have backgrounds dominated by SM
processes involving missing momentum from particles escaping the
detector acceptance. Such backgrounds are both very copious and not-
interfering with our signal, thus leaving only the chance to observe the
effects of x not via interference, but rather via the square of the BSM
amplitudes, that are twice suppressed by the loop factors and the heavy
mass of the x.

@ Springer

4 Charged currents

At high energy lepton colliders with a center of mass energy
E.n > my, the massive vector bosons are likely to be radi-
ated from initial and final state particles. In particular, such
radiation is enhanced by the Sudakov logarithms Z—T"; In? m‘—%,

which can be of order 1 atlarge E,,. Thus, for areliable theo-
retical prediction, such large logarithms should be resummed.

Fortunately, for the radiation of neutral particles, i.e. Z
and y, the KLN theorem guarantees that once we sum the
real radiation and virtual corrections, such large logarithms
cancel. As a result, the neutral current processes discussed
in the previous section remain valid, though they become
inclusive processes rather than exclusive ones. On the other
hand, the radiation of the W boson from initial state, leads to
violation of KLN theorem.

The importance of charged current hard scattering is
enhanced at larger energy lepton colliders, as the possibil-
ity to radiate W* bosons is less and less suppressed as the
energy transfer in the collisions become much greater than
the W boson mass. These effects are of primary importance
in establishing high energy lepton collider reach for several
new physics scenarios [39,40] as they activate new channels.
This type of effects highlights the importance of electroweak
corrections to analyses of high momentum transfer scattering
at high energy lepton colliders.

In Fig. 5, we show the differential distribution for the
charged current process, taking the ™ — W~ ud as an
example for E.,, = 3 TeV and E.,, = 14 TeV. Results are
shown for the SM and for the interference with a Majorana
5-plet, other WIMPs giving similar results. In the left panel
we show the distribution of the W boson energy, normalized
by the beam energy, xw = 2Ew/E.,. We can see that it is
peaked around xy — 0 for both signal and background, and
the W boson becomes softer as the center of mass energy
increases. In the right panel, we show the maximal value
of cos O (W, f), that is defined as the cosine of the minimal
angle between W and any fermion in the initial state and final
state. We can see that it is peaked around 1, which implies
that the W boson tends to be collinear to one fermion.

We note that such soft/collinear W boson radiation is
expected for the high energy collisions that we study. This
is similar to the radiation of photons and gluons that are
enhanced in the soft/collinear regime, with the only differ-
ence that in our case the W boson mass acts as the IR cut-off
instead of a threshold for the detection of the photon or the
jet activity stemming from the gluon.

The impact of weak radiation in high energy muon colli-
sions has been recently explored in Ref. [39]. In particular it
was shown that large logarithms of the ratio of the hard scale
of the process over cut-off scale around mw give O(1) correc-
tions to the cross-sections of each process. Such corrections
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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) x and the SM ones for the eTe™, bb, uii and
utu~ final states at 10 TeV muon collider. For the computation of

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 x 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 u+ = — W= f f/ process. In
particular, we require that the W boson carries a significant
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M — —
1.2 S o
Majorana(3,0) —— —
1F = .
Dirac(3,1) /
S 08| ] i
B Real Scalar(3,0) ]
15 0.6 | — 4
0.4 F = . i
— whp™ — bb
02 F = i
——
= O‘Q T 7| T T T T T T T
X
7 02f .
=
2 _l_'_'_'_'_'_'i
7 or ]
=
n
37042 1 1 1 1 1 1 1 1 1
-08 -06 —-04 —-02 0 02 04 06 0.8 1
cos 6
10
9 F SM —— =
8 Majorana(3,0) —— T
7| _ 4
6k Dirac(3,1) .
%é 5 | Real Scalar(3,0) i
A prpT =t .
3F .
2+ .
oL )lJ |
= m T T T T T T T 7| T
X
— 08} J
-
L 06| .
704 .
2 02t .
g .

(=)

—-0.8 —0.6 —04 —02 0 02 04 06 0.8 1
cosf

cos 0 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

part of the total center-of-mass energy, so that
0.5-Eep <m(f'f) <0.9- Ep. )

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

8° < O(W) < 172°, A3)

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. only u*u= — WE(— jj)eTv
and utpu~ — WE(— e*v, u*v, jj)jj 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 x

Fermion with n = 3 as an example. The DM mass is 2.86
TeV, and we can see that for E.,, < 2M = 5.76 TeV, the
required luminosity decreases as the energy increases, and
reaches the minimal value at the threshold E.,, = 2M. In
such region, due to limited cross section, the importance of
the CC channel defined as Egs. (2)—(3) is negligible com-
pared to the NC channel. As E,, increase the real part of the
interfering s-channel BSM amplitudes decreases and reaches
a zero around E.,;, ~ 9 TeV, thus leaving only the 7-channel
effects through p ™ 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 7 A(Qz) 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 x 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

0 ' T T T T T T
Majorana(5,0) 3TeV ——
4 i -
Majorana(5,0) 14TeV ——
iy SM 3TeV _
st SM 14TeV e |
25} |
~s oL |
1.5 |
1 i -
0.5 |
0 — L L 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Tyw—- = ZEW'—/ECM

out using a customized model of MadGraphS_aMC@NLO
[41] that allows to deal with x loops as described in
Appendix A. The actual implementation of the effects of
x 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 x 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 x. 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 Egs. (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-

12 T T T T T T T . —
Majorana(5,0) 3TeV —— ]
10 | Majorana(5,0) 14TeV —— i
SM 3TeV - _
8T SM 14TeV wweeeeeen i
5|3
*C% 6 - |
~le
4 i -
2 i -
0 L , . ; ; | ,

0 01 02 03 04 05 06 07 08 09 1
maxy cos (W, f)

Fig. 5 Differential distribution of the normalized W boson energy (xw = 2Ew/Ecny) and maximal cos 0(W, f)(f = wt, w, u,d) for the
utu~ — W~ ud 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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els of systematic uncertainty appear appropriate to illustrate
the role of systematics and to provide targets in the devel-
opment of experiments and theoretical calculations for the
muon collider.

Only the SM processes that give rise to the same final state
as each of our search channels are considered as SM pro-
cesses relevant for our study. Indeed these are the processes
that constitute an irreducible background to our search. This
means we do not compute the effects of possible reducible
backgrounds, which may populate the same phase space
as our processes. In the analysis of real data we imagine
that the reducible backgrounds will be removed with data-
driven methods, possibly leaving some uncertainty from their
removal. These uncertainties are a possible source of the sys-
tematic uncertainty that we discuss in the following as pos-
sible limitation of the sensitivity of this method to search for
new physics.

For all channels, we consider as visible particles only those
in the polar angle range

8° <6 < 172°. 4

We remark that for simplicity for the channels ™y~ —
tt, WYW~, HZ we apply the angular requirement directly
ont, H, Z and W particles instead of their decay products.

Unless noted otherwise we use fiducial cross-sections as
the observables for our search of new physics effects. This is
motivated by our findings in earlier sections and in particular
by the discussion around Fig. 3 on the shape of the BSM
angular distributions. For each channel we note the following
specifications:

o for the jj channel we include both light flavors j =
u,d,s and heavy flavors j = ¢, b without any tagging
assuming 100% efficiency;

o for the eTe™ channel we assume 100% efficiency;

o for Tt~ we apply t-tagging with efficiency 50%, and
only consider events where both t are tagged;

o for uT ™, we study the differential distribution in the
polar scattering angle using twenty bins, distributed
equally on —1 < cosf < 1 and we assume 100% effi-
ciency;

o for t7 final state we consider only hadronic decays (17 —
bbjjjj) and semi-leptonic decays (t7 — £vbbjj);

o for W W~ we consider only hadronic decays (Wt W~ —
jjjj) and semi-leptonic decays (WT W™ — £vjj);

o for HZ we consider only H — bb and Z — jj, £T¢~
withl =e, .

Putting together the effect of x on charged and neutral
currents we obtain an inclusive result on the expected modi-
fications of the fiducial rates and distributions for each given
mass and weak charge. In Fig. 7 we present the minimum
required luminosity to put a 95% CL bound on the existence

1000
100 g
T
=
= 10 F
2 E
Q
1k 4
Majorana(3,0),NC ——
Majorana(3,0),CC ——
Majorana(3,0),NC+CC
0'1 1 1
1 3 10 14

B [TeV]

Fig. 6 Comparison of the neutral current (NC) channel and charged
current (CC) channel for Majorana Fermion triplet summing the effects
from all the channel listed in Sect. 5

of electroweak matter suitable to be dark matter at a muon
collider running at center-of-mass energy E,,. Each line in
the figure has a corresponding darker and lighter color result,
which give the results for unpolarized and polarized beams,
respectively. The polarized beams are chosen as to maximize
the left-handed component, that is more sensitive to x. We
pick 30% left-handed polarization for both the positive and
negative charge beams as to maximize the left-handed cur-
rents scattering. For those particles listed in Table 1 with
a sizable uncertainty on the thermal mass we draw bands,
instead of lines, as to cover each respective thermal mass
range. The results shown take into account the concrete value
of Y of each dark matter candidate. However the results are
very similar to those that can be obtained by removing the Y
contribution in the BSM amplitudes.

In Fig. 7 the orange line tracks the luminosity expected
for a muon collider operating at center-of-mass energy E,,
therefore all the dark matter candidates whose line drops
below the orange line can be probed at 95%CL at the high-
energy muon collider in the corresponding range of values
of E.,. The cyan line corresponds to about the luminos-
ity necessary to measure the neutral current rate for ete™
at 1% precision. With such luminosity the dijet rate, owing
to a much larger total rate, will be measured in deep sub-
percent precision, but still probably not precisely enough to
require a very careful analysis of systematic uncertainties.
For reference in Fig. 7 we draw the light blue dashed line
that corresponds to the luminosity necessary to measure the
dijet rate at 0.1% precision and we shade all the part of the
plot above this line, as to indicate that luminosities above that
line are so large that even tiny sources of uncertainty need to
be evaluated before claiming sensitivity to dark matter.
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2 5 10
B [TeV]

Fig. 7 Luminosity needed for a 95% CL exclusion at a given center-
of-mass energy E,;,. Each dark matter candidate is labelled next to its
line or band. Bands thickness reflect the uncertainty on the thermal mass
given in Table 1. Lighter color lines and band correspond to polarized

We observe that all the fermionic dark matter candidates
with n < 5 can be probed at 95% CL the high-energy
muon collider for some center-of-mass energy at or below
14 TeV using the baseline luminosity. The higgsino-like 2-
plet, a notoriously elusive dark matter candidate, can be
probed at low energy, close to its production threshold around
2 TeV, only if beams can be polarized. Otherwise a collider
at E.,, > 8 TeV, well above the threshold energy for 2-plet
pair production is needed. In this situation we remark that
other search strategies are available and are quite powerful,
as described in Refs. [19,20,38,46,47]. Furthermore Fig. 7
shows that going at very high center of mass energy com-
pared to the mass of x brings little or no advantage at all to
this technique. The possibility to probe a Majorana 5-plet at
14 TeV also seems to hinge on the availability of polarized
beams if one stick very strictly to the baseline luminosity. In
absence of polarization, otherwise, the luminosity required
for an exclusion may be slightly larger than the baseline.

It should be remarked that for the » = 5 Majorana fermion
the pair production threshold for thermal mass is around
28 TeV, thus the effects of the 5-plet WIMP can be cap-
tured approximatively in an EFT expansion over the param-
eter 0?/4M?, e.g. via the measurement of the W parameter
[48]. Putting together the results of Refs. [20,49] on the size
of the W parameter generated by the Majorana 5-plet and
those of Ref. [39] on the sensitivity of the muon collider to the
W parameter from measurements of NC and CC processes,

@ Springer

B [TeV]

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 probed at 95% CL at the
high energy muon collider for the corresponding values of E,,

we find that our result is in overall agreement with what can
be obtained from these references. Our results is nevertheless
slightly stronger than what can be cast from these references
due to larger polar angle coverage being considered in our
analysis.

It is worth noting that the comparison of our result with
that of Ref. [39] requires some care. In particular in our treat-
ment the distinction between NC and CC at fixed leading
order underestimates the importance of CC in setting bounds
compared to a calculation that includes resummation of weak
radiation as in Ref. [39]. We checked that the combined limit
obtained from our procedure from NC and CC agrees well
with the resummed result when same acceptance and same
event selection criteria are used. This detailed comparison
and the possible disagreement on the importance of each
exclusive channels witnesses the need for further study of
weak radiation at the high-energy muon collider.

While the above result calls for further study to gain more
control on the predictions of BSM effects once weak radia-
tive corrections become relevant for 10+ TeV muon colliders,
it is possible to look at higher energy colliders both with our
explicit computation and using the scaling of EFT effects
such as the W parameter generated by higher n-plets. As a
matter of fact we find that the reach of the muon collider
can be extended further to probe more WIMP candidates as
one considers larger n and progressively larger E,,. Figure 8
shows the required luminosity for a 95% CL exclusion of 5,
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Fig. 8 Luminosity needed for a 95% CL exclusion at a given center-
of-mass energy E,,. Each dark matter candidate is labelled next to its
line or band. Bands thickness reflect the uncertainty on the thermal mass
given in Table 1. Lighter color lines and band correspond to polarized

7, and 9-plet Majorana dark matter candidates. E.g. for the
Majorana n = 7 dark matter candidate, whose pair produc-
tion threshold is around 100 TeV, we find thata E,,, =30TeV
muon collider can measure the processes that we have con-
sidered and extract a 1o measurement of the W parameter
at a precision around 0.15 - 10~7, which probes at 95% the
effect expected around 0.3 - 10~/ from this dark matter can-
didate. Such dark matter candidate has a weak charge so
large that its scattering rates at the LO in perturbation theory
fill about few % of the maximum rate allowed by perturba-
tion theory (see [19,20]). That is to say that this dark matter
candidate starts to exhibit a perturbation theory expansion
that is all but merely “perturbed” by the next order in the
expansion.

At the present time the SM augmented by a Majorana
7-plet is a sensible and reasonably computable theory. How-
ever, it is fair to say that larger n-plets such as Majorana 9-
plets and 11-plets have less interest in the context of WIMPs,
as their charges are so large that perturbation theory con-
verges very slowly and a Landau pole emerges within very
close range to their mass [19]. With these provisions in mind,
we can say that a muon collider program, if able to reach
center-of-mass energy around 30 TeV, will be able to defini-
tively probe fermionic WIMP candidates in the perturbative
regime. In addition to this “closure”, and very remarkably for
the development of the machine, each stage of the collider at
lower energy has a great potential to probe conclusively one
or more dark matter candidates.

1000 |

500

100 |

50

£95 [ab‘l]

Eop [TeV]

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 probed at 95% CL at the
high energy muon collider for the corresponding values of E.,

For scalars we show results in the right panel of Fig. 8.
Since the effects of scalar DM significantly smaller than for
fermions(see e.g. Fig. 2), it is necessary to run for luminosi-
ties much larger than the baseline in order to have a chance
to probe scalar dark matter. The results in the figure corre-
spond to real scalars, hence can be said to be somewhat on
the pessimistic side, because this kind of field contain the
minimal possible number of degrees of freedom and has the
largest possible thermal mass for a given SU (2) charge. Nev-
ertheless we note that for large n the effects due to the large
charge overtakes the growth of the thermal mass and it is
in principle possible to test a real scalar 5-plet and a 7-plet
at the baseline luminosity for center of mass energy 30 and
100 TeV, respectively. Though very large, these center-of-
mass energies are not inconceivably large and it is nice to
see that otherwise very elusive dark matter candidates can in
principle be probed at colliders.

The fact that high energy muon colliders can probe
quadratically smaller values of W as the center-of-mass
energy increases is a key to enable this sensitivity to heavy
WIMPs. In fact, the value of W generated by the WIMPs
of Table 1 becomes smaller as larger n is considered, but
it decreases less fast than the quadratic improvement of the
bound on W. This is due to the fact that the effect on W is
suppressed by the mass of the WIMP on one hand and it is
enhanced by n on the other hand, i.e. W o Cp et/ M 2. For
M in Table 1 roughly scales as M ~ n3 and Cheft ™~ ns3,
we get W ~ 1/n ~ 1/M when the mass of the WIMP is
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Fig. 9 The effect on the W parameter from Dirac Fermions, Majorana
Fermions, and Real Scalars for different n for thermal masses given in
Table 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 E.,

fixed at the value predicted to be a thermal relic. Thus we are
lead to find that for a sufficiently large center-of-mass energy
one or more WIMPs outside the kinematic reach of the col-
lider can be probed by the measurement of the W parameter.
The exact value of n at which WIMPs of different spin can
be probed through W can be obtained from Fig. 9, that is
obtained assuming a collider with E.,, = 2M is used to
search a WIMP of mass M. This assumption, though it may
invalidate the EFT expansion, turns out to be conservative,
as the EFT computation of the effect of x do not enjoy the
threshold enhancement that is clearly observed in Fig. 8.

6 Conclusions

The puzzle on the nature of the Dark Matter of the Universe
is a very sound motivation to extend the Standard Model
of particle physics. The search activity for the several pro-
posed Dark Matter candidates is wide in scope and has been
already a main subject of research for decades. A most moti-
vated proposal for Dark Matter is that of a new matter field
charged under SU (2) weak interactions and, with suitable
arrangements, possibly charged under U (1)y.

A “catalog” of the possible candidates of this type can
be made by listing all the n-plets of weak SU (2) for which
the gauge charge carried by the n-plet does not spoil the
perturbativity of the SM at energies too close to the mass of
the n-plet itself. That is to say that the new theory made by
adding x to the SM ought to be sufficiently perturbative to
allow reliable thermal relic calculations and to imagine that
such theory could be at least a valid effective field theory for

@ Springer

adecade of energies. Concrete results about possible Landau
poles and transition scattering amplitudes find that candidates
with n >~ 10 are at best border-line, while candidates up
to n = 7 can be safely considered as WIMP candidates.
Thermal masses for these candidates tend to saturate the order
of magnitude estimate for the perturbative “WIMP miracle”
usually quoted in the ballpark of 100 TeV.

The mass scale of saturation of the perturbative limit for
the “WIMP miracle” being so large has so far remained
unreachable to direct and indirect collider probes. Even imag-
ining a very large hadron collider such as a 100km pp
100 TeV machine it would be just possible to scratch the
surface in the search for WIMP candidates at the scale of
saturation of perturbative unitarity. This is due to the fact
that protons constituents can only reach a fraction of the pp
center-of-mass energy and, due to background processes,
a hadron machine can reach WIMP candidates only up to
O(5%) of its beams center of mass energy [32,33]. Thus it
seems very hard, if not even impossible, to fully test the idea
of WIMPs in collider experiments.

Other search approaches for WIMPs in the lab com-
prise searches in ultra-clean underground experiments. These
experiments can be sensitive to heavy WIMPs, although these
are not in the best sensitivity mass range for the experiment.
Very intriguingly, next generation experiments can poten-
tially give signals pointing towards this direction. In prin-
ciple also searches for new physics in high energy cosmic
rays can give hints of WIMPs and future experiments can be
sensitive to WIMPs up to masses close to the saturation of
the perturbative limit discussed above. Searches in cosmic
rays, however, are subject to significant uncertainties in the
Dark Matter density profile in the object that hosts the Dark
Matter.

The perspectives for finding hints or evidence of WIMPs
in future experiments are encouraging, but the chance to pro-
duce 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 exploit fully the
beam energy to produce heavy states, such as heavy WIMPs.
In addition, being a leptonic machine, the high energy muon
collider promises to have a relatively clean collision environ-
ment, thus enabling precision measurements.

We have explored the possibility to use precise measure-
ments of fiducial cross-sections or differential cross-sections
to probe the existence of heavy WIMPs. We found that the
amount of information that can be gained in differential stud-
ies is generally limited by the fact that the SM and new
physics scattering amplitudes are very similar in the phase-
space of the most abundant 2 — 2 scatterings, thus motivat-
ing us to study mainly fiducial cross-section measurements.
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Such measurements 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. Indeed we
find that including copious scatterings in all flavors of jets
can improve the results appeared previously in the literature
(e.g. Ref. [34]), which focused on final states for which the
electric charges can be tagged, e.g. for the bb final state.

In our study we have also included for the first time the
effect of Dark Matter candidates in the production of neutral
diboson final states ZH and W W, and the effect of charged
current scatterings in 3-body final states W £ f'. These W f f’
final states are enhanced by the large energy of the collider
that makes the emission of soft/collinear W boson a very
likely possibility, so much so that the computation of this
scattering rate needs resummation.

We find that running a muon collider at center of mass
energy E., and collecting integrated luminosity 10ab~" -
(Eem/10TeV)? the study of the final states we included in our
work is sufficient to probe at 95% CL all fermionic WIMP
candidates in the WIMP catalog. For E., < 14TeV this
amounts to a sensitivity to all fermionic WIMP candidates
up ton = 5, that is a Dark Matter candidate with mass about
15 TeV.

For scalars the expected signals are smaller and in general
they require one order of magnitude more luminosity com-
pared to same n fermions in order to gain sensitivity through
precision SM measurements. For scalar WIMPs light enough
to be produced at colliders it is thus preferable to pursue a
direct search strategy. Ref. [20] finds that disappearing tracks
and mono-X searches may lead to exclusions of all scalar
WIMPs up to the n = 5 complex scalar WIMP of around
11 TeV if muon colliders up to 30 TeV are considered, pos-
sibly with polarized beams or a luminosity within a factor
few larger than the considered baseline. As per our Fig. 8§,
exploiting polarization or a modest luminosity increase, a
real scalar n = 5, with a mass around 15 TeV, can leave
observable deviations in precision observables. Therefore,
putting these results together, we find that all scalar WIMPs
up to n = 5 can be probed at the muon collider running at
energies up to 30 TeV.

The energy up to 14 (30) TeV for muon colliders neces-
sary to probe the entire catalog of fermionic (scalar) WIMPs
up to n = 5 can be considered ambitious. Nevertheless it is
not an inconceivably large energy. This finding brings heavy
WIMPs in the realm of possible collider studies of dark mat-
ter and motivates research and development [23-31] for the
realization of a high energy muon collider.

Very interestingly for the practical unfolding of a possible
collider program, the catalog of WIMPs offers a series of
dark matter candidates that can be targets for lower energy
stages of a multi-stages collider project.

In addition, we have proven that for 2M > E,, the EFT
description matches well with our loop calculation. Thus,
exploiting resummed limits [39] on the W parameter for uni-
versal new physics, it is possible to compute expected limits
at the muon collider on WIMP Dark Matter candidates up
to the perturbative limit of the WIMP mass range around
100 TeV.
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Appendix A: Calculation of the one-loop corrections

For the two-point self energy corrections, the 14 (s, M?) for
a Dirac Fermion is given by

2
17(0% = g [— (1 +2%) Bo(Q2, M?. M?)

+2MZB 0, M?2, M*) + ! (A.1)
Q2 0 b b 3 b .
and for complex scalar it is given by
1500% = L[ (482 Z 1) Boco2 w2, w2y
A - 3 Q2 0 s s
m? s o 2
—4—Bo(0, M*, M*) — = |. (A.2)
0? 3
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The B functions are in the standard convention [50], and the
explicit expression is given by

2 a2 g2 1 M?
B()(Q ,M ,M)=E~|—2—ln?
VAGE | —x ot VAG )
X x+Jx(x =4

(A3)

where x = Q2 /(M 2 0), w is the renormalisation scale,
and e ! =2(4 —d)~! — yp + In4x is the divergence in the
MS convention. In the low-energy limit 0> < M?, we have

Bo(02, M?*, M?) L 2+x+x2+0( %)
,M”, =-—Ih—+—-+— x7),
0 ¢ 226760
(A4)
and hence
17(0? ol (L M 4 +Ox?) (A.5)
=—z--In— ) — —x x°), .

A 3\ w2 15

1/1 M? 1
S 2N 2

Clearly, the DM contribution to the gauge boson self-energies
are UV-divergent, and renormalisation is required. Different
from previous studies, here we adopt the on-shell renormal-
isation scheme, which properly takes into account the DM

contribution to the EW input parameters my, mz, G .
Since MadGraph5_aMC@NLO cannot handle modifica-
tions of the two-point Green functions natively, we absorb it

into three point vertices. In particular to deal with f £ final

states we add the following pieces to the SM f fV vertices
for every SM fermion:

_ 1
VEIffZ1=yH [(T3fC%PL - QfngW)ETZZ(PZ)

L0 0wz, <p2>], (A7)

i 1
VEf fyl=y* [Qfgzsw 3Ty (pz)} . (A.8)

where p2 = p%/. The renormalised self-energies are separated into weak
part and hypercharge part, i.e. Ty y (p2) = T\XVV (pz) + T&/V (pz), and they
are given by:

T77(p%) = (ﬁiz Fyciy = £ 2mzz Ua(p?) = La(m)]. (A.9)
T3, = (:f)z Fiwlst Ia(p?) + Lo (m%) — Ly (my)],
(A.10)
W, 2 83 2 o O 5
T,y (p7) = an )2 Fwlsy Ia(p®) — g’A(’"z)
R A (A11)

Sw
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82 swo P

Y A 2 2
T;,(p )—(4n)2 Y%pz_mzz[l,q(l? ) — I54(m%)], (A.12)
Y oh = 2 b WP+ ) (A.13)
Zy @m? ", o
2
rwh = f;f)z FysiUa(p®) — a1, (A.14)

where cyy = cos Oy = ",:l—‘;“,sw = sin Oy, Fy = %n(n2 —
1), Fy = nY?2. With the above effective vertices, the DM

effects of all u*u~ — f f are included.?

To extend our analysis to diboson final states one should
add further modifications of SM vertexes,e.g. ZZH, ZWW
and y WW. We find instead more economical for diboson
final states to introduce another implementation of the effects
of x. This is based on modifying only the vertex between
muons and Z/y:

VA ptz) = y“[ (T;‘f—fvPL - lesw) T77(p%)
+QuewTz, ) | (A.15)
2

- 8 p
VAT 1ty =V"[(T3’L*PL - lesw> Tz (1)
‘w pe—my

+ Q;ngszyy(pz)]. (A.16)

These muon vertices modifications can be used to account for
all the (renormalised) self-energy corrections for u*tu~ —
ff(f # ) aswell as utu~ — ZH, and the s-channel
self-energy corrections of u™ ™ — WT W™, We stress that
the process u = — Wtu~ v, also receives t-channel and
Z W fusion contributions that cannot be accounted within our
method. This is why we have not included this final state in
our analysis in Sect. 5.

To complete the calculation of WTW~ and Wff’ pro-
cesses we also need to add the triangle diagram contributions,
the W wave-function renormalisation and the W bubble cor-
rection from x. The W wave-function and bubble correction
to the propagator can be written in an analogous manner to
the previously discussed bubble corrections to Z and y prop-
agators. For the triangle effects we compute 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] and the resulting lengthy expressions are added in the
calculations as modifications of the tri-boson vertices in our
MadGraph5_aMC@NLO model.

3 Except the ptpu~ — v, vy, process which also receives contribu-
tion from the W self-energy corrections, though it can be treated in an
analogous manner.
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