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Electroweak Multiplets as Dark Matter candidates:
A brief review

1. Introduction

Weakly Interacting Massive Particles (WIMPs), typically characterized by masses around the
weak scale (approximately 100 GeV to 1 TeV) and interacting via the weak force (or a weak-like
force), are motivated by two distinct theoretical rationales. Firstly, they are believed to have been
produced in the appropriate abundance via the thermal freeze-out mechanism during the Early
Universe, a phenomenon sometimes referred to as the “WIMP miracle”. Secondly, there is an
expectation that new physics would manifest at the weak scale, potentially resolving the hierarchy
problem of the Standard Model, with WIMP Dark Matter particles emerging as a byproduct. It is
crucial to emphasize that these two motivations are independent of each other. Even if new physics
(e.g. in the form of supersymmetry) does not materialize at the weak scale, the thermal production
mechanism for WIMPs remains compelling. Therefore, while WIMPs may not be as prominent as
they were decades ago, they continue to represent a well-motivated Dark Matter (DM) candidate.

A particularly intriguing possibility within this framework, due to its minimality and predictive
power, is that DM consists of the lightest neutral component of an ElectroWeak (EW) multiplet with
size n and hypercharge Y. By imposing general requirements applicable to all DM candidates, one
can determine the quantum number of a given multiplet such that the model’s only free parameter is
the mass of the neutral component. Matching this mass to the measured value of the DM abundance
today, Qpm h? = 0.11933 +0.00091 [1], enables the unique determination of the mass of the n-plet.
These mass predictions serve as crucial inputs for evaluating the ability of future experimental
programs to fully test the EW nature of WIMP DM.

This review is primarily based on Refs. [2, 3], and it follows this structure: Sec. 2 provides
a concise overview of the EW WIMP paradigm. In Sec 3, we delve into the key aspects of our
freeze-out computation, including discussions on the unitarity bound and assessments of the theory
uncertainties related to computing the thermal masses. These initial sections lay the groundwork
for a comprehensive understanding of the primary signatures in direct detection (Sec. 4.1), indirect
detections (Sec. 4.2), and collider production (Sec. 4.3).

2. Which Electroweak Multiplets

In general, EW multiplets can be introduced as prototypes of WIMPs through two main
approaches: i) Top-down approach: In this approach, EW multiplets naturally emerge in various
Beyond the Standard Model (BSM) theories that primarily aim to address the naturalness problem
of the EW scale. Examples include models of Supersymmetry with heavy scalars [4], from the
first split-SUSY proposals [5, 6] up to more recent constructions inspired by the anthropic principle
(see [7] and references therein); i) Bottom-up approach: Here, EW multiplets are selected by
imposing general requirements that all DM candidates must fulfill, without specifying the underlying
UV Theory. In this review, we adopt a bottom-up approach.

On a more specific level, following the same spirit of the original minimal DM papers [8—12],
we expand the matter field of the SM by introducing a single EW multiplet with multiplicity n» and
hypercharge Y. For both real and complex representations, we determine the quantum number of
the multiplet by imposing four general requirements outlined as follows:
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o Neutrality: DM must be the neutral component of the multiplet. This requirement is crucial
because DM cannot possess an electric charge of order one.

o Stability: The electrically neutral component must be stable on cosmological scale. Hence,
it must be the lightest state of the multiplet that can then be stabilized either by a discrete
symmetry (e.g., matter-parity in supersymmetry) or by accidental one (multiplets withn > 5
are accidentally stable [2, 3, 8]).

o Not excluded by direct detection: The electrically neutral component must not be coupled at
tree-level with the Z-boson.

o Perturbativity: This criterion serves to establish the maximum allowed value of n for a given
hypercharge Y of the multiplet, thereby ensuring the model’s calculability and predictiveness.

Requiring the neutral DM component to be embedded in a representation of the EW group

imposes that the charge of a given state of the multipletis Q = 73+Y, where 73 = diag (”T” -1 ) with

i =1,...,n. 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 ¥ = + (”T“ - i) for
i=1,...,n. In the following we descrive the main properties of these two classes of EW DM.
2.1 Real WIMPs
At the renormalizable level, the minimal Lagrangians for real WIMPs are:
1 2 1 pl A
=5 (Dux)” = sMx* = SECIHP = St (1)
2 2 4
| .
Zfzz/\( (lO’”D”—MX))(, 2)

for scalars and fermions, respectively, where D, = d,,—igoW ;T represents the covariant derivative,
and T} are generators in the n-th representation of SU(2). The Lagrangian for the real scalar in
Eq. (1) also includes quartic self-coupling and Higgs-portal interactions at the renormalizable level.
The latter is constrained from above by direct detection limits and contributes negligibly to the
annihilation cross-section.

Real WIMPs are particularly interesting because they straightforwardly satisfy, at the renor-
malizable level, the second and third requirements introduced in Sec. 2: i) By construction, they
do not couple at tree-level with the Z-boson. Therefore, they avoid the very stringent bounds from
Dark Matter (DM) direct detection; i7) The neutral component is automatically the lightest state of
the multiplet. Indeed, the neutral component and the component with charge Q of the EW multiplet
are split by radiative contributions from EW gauge boson loops. In the limit my < Mpy, these
contributions are non-zero and independent of M, . This fact can be understood by computing the
Coulomb energy of a charged state at a distance r > 1/myw or the infrared mismatch (regulated by
my ) between the self-energies of the charged and neutral states. The latter can be easily computed
at 1-loop [13-15],

QzaemmW

Mg —My=AMEY = 6,07 ~ =7 3
Q 0 Q s 2(1 + cos Ow) )
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where 6, = (167 + 4) MeV. Here, the uncertainty dominated by 2-loop contributions proportional
to a/%m,/ 16. As one can see, this mass difference is always positive, ensuring that the neutral
component is always the lightest.

Finally from the last requirement about the perturbative unitarity of the annihilation cross
section one can select the maximal size of the multiplets. We find that the largest calculable
SU(2) n-plet at LO is the 13-plet, which is as heavy as 350 TeV. Stronger requirements about the
perturbativity of the EW sector up at high scales can further lower the number of viable candidates.
Further details can be found in Ref. [2].

Famous candidates belonging to this class of EW multiplets include the supersymmetric Wino,
which is a Majorana triplet under SU(2), and the Minimal DM 5-plet.

2.2 Complex WIMPs

For complex representations, the phenomenology changes substantially only when we consider
multiplets with hypercharge different from zero, albeit at the cost of losing minimality. Here,
we specifically concentrate on the fermionic case, reserving the discussion about complex scalar
WIMPs for the Appendix of Ref. [3]. The minimal Lagrangian for a fermionic complex WIMP
with Y # 0 is as follows:

5/”D=)_((i¢—MX))(+AyO Ov+ -0, +he.

50 A
O _ 1 — Ta 2Y . ¢ Hc"' O-QH 2 4

o
— _T7a 1l
O+ = _XT)(XH 7H s

The main difference with respect to real WIMPs is that the renormalizable Lagrangian alone is
insufficient to satisfy all the requirements introduced in Sec. 2 without incorporating higher-order
dimensional operators. In Eq. (4), we only present the minimal set of UV operators necessary to
render the DM model viable. We will now illustrate the physical consequences of Oy and O,.

The non-renormalizable operator Oy is indispensable for removing the sizable coupling of the
neutral component yn of the EW multiplet to the Z boson.
ieY

- 5 : 5
Z = nbw cos HWXNZXN (5

This coupling would result in an elastic cross section with nuclei that is already excluded by many
orders of magnitude by present Direct Detection experiments [16]. After EW symmetry breaking,
Oy induces a mixing between y and x§,. Upon replacing the Higgs with its Vacuum Expectation
Value, (HCT)‘TTGH is non-zero only if we select 0% = o*, thus yielding the new (pseudo Dirac)
mass term in the Lagrangian:

om

—_ 0 r— _—
Lm=MyXNXN + e [XNXICV +XCN)(N] ,
v 4y (6)
omo = 4yocnyoAuv ( ) .
V2Auv
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Cayo = W ]_[j:_l;l_%‘Ql \/ % (”T“ +J ) (”T‘l - ) contains the normalization of Oy and the
matrix elements of the generators. The mass eigenstates are Majorana fermions, yo and ypm, with
masses Mo = M, + 6mg/2 and Mpy = M, — 6mg/2, respectively, whose coupling to the Z boson
is given by:

ieY

R ) . 7
z sin By cos QWXOZXDM @

In this case, the Z-mediated scattering of DM onto nucleons is no longer elastic. The process
becomes kinematically forbidden if the kinetic energy of the DM-nucleus system in the center-of-
mass frame is smaller than the mass splitting:

1 2 MDMmN
— <0 s =—), 8
ZMvrel o K Mpm + mpy ®)

where m  is the mass of the nucleus, u is the reduced mass and v is DM-nucleus relative velocity.

The non-renormalizable operator O, in Eq. (4) is, on the other hand, indispensable to ensure
that the DM is the lightest state in the EW multiplet for all n-plets where the hypercharge is not
maximal. Indeed, EW interactions induce at 1-loop mass splittings between the charged and neutral
components of the EW multiplet, which in the limit my < M y are given by [13-15]:
®

2y
AMEY =5, (Q2 + —Q) ,

cos Oy

This implies that negatively charged states with Q = —Y are compelled to be lighter than the neutral
ones due to EW interactions. Notable exceptions include odd-n multiplets with Y = 0 (see Sec. 2.1),
and all multiplets with maximal hypercharge |Yinax| = (n—1)/2, where negatively charged states are
absent. For these multiplets, setting y; = 0 would be the minimal and phenomenologically viable
choice. Further details can be found in Ref. [3].

Ultimately, the requirement of perturbativity leads us to constrain the maximum value of » for
a given hypercharge. Specifically, for Y = 1/2, perturbative unitarity sets the maximum n to be
equal to 12, which is as heavy as 253 TeV. For Y = 1, the perturbativity of the mass splitting only
allows for n =3 and 5. For Y > 1, the theory becomes unstable.

In summary, at the cost of losing minimality, we can formulate other benchmark WIMP models
that are not excluded, with a collider phenomenology substantially different from that expected for
real representations. Famous candidates belonging to this class of EW multiplets include, for
instance, the supersymmetric Higgsino, which is a pseudo Dirac doublet under SU(2) with Y = 1/2.

3. WIMP Cosmology

After selecting the quantum number of the WIMPs in Sec. 2, the only free parameter of the
model for a given n and Y is the mass of y(, which we compute by ensuring that the multiplets
are produced via thermal freeze-out. For 2 — 2 processes, the relevant factor determining the DM
comoving abundance Ypy is the annihilation cross-section. The evolution of Ypy as a function of
z = Mpm/T is described by the Riccati equation:
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dYpm (TefiVrel) s 2 2
dz eHZre (YDM_YDM,eq)’ (10)

where represents Hubble’s rate, s denotes the entropy density, and Ypwm,eq stands for the equilibrium

comoving abundance. Here, {0eqVre)) denotes the thermally averaged annihilation cross-section.
For EW multiplets, the primary annihilation channels consist of all EW gauge bosons. In the SU(2)
invariant limit, the thermally averaged hard cross-section is expressed as:

ﬂag (2n* - 8n* +6) + 32Y4a/12, +16Y2asay (n* - 1)

YYE , scalars
_ ExMpym
(ervietio = 42 (2n* + 1702 = 19) +4Y2a3 (41 + 8Y?) + 16V 2azay (n - 1)
2 Y .
5 , fermions
16g, Mg\,
(11)

where g, = 4n for complex representations and g, = 2n for real ones. This estimate is correct
because during freeze-out, the temperature is higher than the mass splitting AMgw, SO assuming
that SU(2) is unbroken is a reasonable approximation. However, it is inaccurate. Indeed, since
Mpnm > myy, we expect the weak interaction to behave as a long-range force, leading to significant
non-perturbative, non-relativistic effects such as the Sommerfeld enhancement and bound state
formation, which could substantially amplify the tree-level estimate. Taking these effects into
account, the hard cross section (0egVrel )0 has to be replaced with

<0-eITVrel> = Sann(z) + Z SB_] (Z) . (12)
By

where we have defined the effective cross-section as the sum of the direct annihilation processes,
Sann, and the ones which go through Bound State Formation (BSF), Sg, .

3.1 Sommerfeld Corrections

On amore specific level, the Sommerfeld correction can be computed by solving the Schrodinger
equation in presence of a long-range EW potential which deform the wave functions of the incoming
particles. In Eq. (12) the direct annihilation process can be factorized as

Sann = Z(Sgo-;{nnvreo s (13)
1

where o/ is the hard cross-section for a given isospin channel / and Sg is the Sommerfeld
enhancement (SE) of the Born cross-section. In the limit of small relative velocity between the DM
particles (but larger than mw /M, ), the SE factor can be approximated as

I 2T et I?+1-2n

St = , h =—m . 14
E - where  aeq A s (14)

The SE correction is important for all multiplets, it becomes more pronounced at lower relative
velocities and saturates when vy < mw /M, due to finite mass effects!. While this saturation is
not crucial for calculating the thermal masses, it is of utmost importance for the phenomenology of
DM indirect detection.

IThe modification of the behavior of the SE due to finite mass effects are included in our full computation (see
Ref. [17] for explicit formulas).
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3.2 Bound States formation

Besides the Sommerfeld correction, if the incoming particle system possesses sufficiently high
kinetic energy, particle-antiparticle pairs can combine to form a bound state, emitting an EW gauge
boson. The energy of this emitted gauge boson is approximately equal to the binding energy of
the BS, expressed as Ep, =~ agﬂM v /4n%3 — aegfmw, where np denotes the BS energy level, a.g
represents the effective weak coupling as defined in Eq. (14), and corrections of order m%v / M; are
disregarded. In the non-relativistic limit and at the leading order in gauge boson emission, the BSF
process

Xxi+xj— BSy+V¢ (15)

is encoded in the effective dipole Hamiltonian described in Ref. [18, 19], which governs the dynamics
of the BSs. Once BSs are formed, they promptly decay into SM particles, further augmenting the
hard cross section {oefVrel)o. Similar to the SE, we can factorize the BSF processes as:

Sp, = ) (SLSE Rz, (16)
1,1

where Sg’j denotes the “hard" BSF cross-section of the state B, originating from a free state with
isospin I and angular momentum /, multiplied by the SE factor of that specific isospin channel as
defined in Eq. (14). Detailed expressions for this can be found in Ref. [18, 19]. Conversely, Rp,
represents the effective annihilation branching ratio into SM states, contingent upon the intricate
dynamics of the BS (such as ionization rate (I'p, preak), annihilation rate into SM states (I's, ann),
and decay width into other bound states (I'g,—,5,)). Notably, Rp, converges toward 1 as the
temperature of the plasma descends below the binding energies of the BSs involved in the decay
chains.

In the limit where either the BS decay or the annihilation rate significantly surpasses H, and
considering a single bound state, S, takes a rather straightforward form

(17)

213 3 s\ !
g M(oBviel) (1 \2 _,EB
SBJ = <O-B1vrel> 1+ ¥ DM s ( ) €

~ZMpm
2gB;Lam drz
where (0, vre1) represents the thermal average of the cross-section for bound-state formation, and
gg, accounts for the number of degrees of freedom of the bound state B;. Eq. (17) applies to 1s;
and 2s; bound states with / < 5. The latter, once formed, directly annihilate into pairs of SM
vectors and fermions, with rates 'y, = a/gff/ n%M '« These bound states collectively contribute to
over 50% of the BSF cross-section. More intricate examples of bound state dynamics are elaborated
in [] (where the case of the EW 7-plet is explicitly shown). While the effect of BSF has already
been computed for the fermionic 5-plet in Ref. [18], here, we include it for the first time for all the
real WIMP candidates with n > 7.

3.3 Results

We solve the Boltzmann equation, considering both SE and BSF, to provide the most accurate
estimation of the thermal mass for a given n and Y. This section summarizes our findings.
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Figure 1: This plot summarizes the thermal masses against the size of the multiplets for real representations,
incorporating both SE and BSF. Majorana fermions are indicated in red, while results for real scalar WIMPs
are in blue. Solid lines represent thermal masses with SE, while dashed lines depict masses for the hard
annihilation cross-section. The gray shaded region denotes exclusion by s-wave perturbative unitarity,
incorporating BSF

Fig. 1 displays the main results for the real representations in the plane of thermal mass as a
function of n. The blue and red colors correspond to the real scalar and Majorana fermion cases,
respectively. Dashed lines represent the results considering only the hard cross section {TegVyel )o.
The solid lines are obtained with Sommerfeld enhancement alone, while the dots represent the full
results, including the formation of BSs. As observed, neglecting non-perturbative effects leads to an
inaccurate estimation of the thermal mass in all cases. This discrepancy becomes more significant
for larger EW multiplets (n > 5), where the relative effect of BS dynamics on the total cross-section
increases. Approaching the unitarity bound, the error on the WIMP mass grows proportionally to
the enhancement of the next-to-leading order contributions, as estimated in Ref. [2]. Similar results
are obtained for complex representations, with further details provided in [3].

In summary, for n bigger than 5, WIMP masses consistently surpass tens of TeV, rendering
them beyond the reach of any prospective colliders. Thus, the primary means of probing these
candidates is through direct and indirect dark matter detections. Conversely, for n equal to or less
than 5, the prospect of a potential futuristic muon collider emerges as a viable option, offering
robust insights into the EW nature of dark matter.

4. WIMP phenomenology

With the computation of thermal masses completed, the phenomenology of EW multiplets
becomes entirely predictable within the framework of EW theory. Consequently, we can now
employ standard strategies to test the EW nature of DM. This will serve as the focus of the final
part of this review.
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Figure 2: In dark green, we display the current constraints from XENON-1T [22] and PandaX-4T [23],
while the green dashed line represents the reach of LZ [24], and the brown green dot-dashed line denotes
the ultimate reach of DARWIN [25]. The light gray region depicts the neutrino floor for a 200 ton/year
exposure, as derived in Ref. [26]. Left: Here, we present the expected SI cross-section for Majorana n-plets
(in red) and for real scalar n-plets (in blue), assuming no Higgs portal coupling (1y = 0). Right: This panel
showcases the SI cross-section for Dirac fermion n-plets (in red) and for complex scalar n-plets (in blue)
within the minimal splitting scenario.

4.1 Direct detection

Concerning direct detection, it is worth noting that all the EW multiplets, by construction,
lack tree-level coupling with the Z boson. Therefore, their interaction with light quarks and gluons
occurs solely through one-loop and two-loop diagrams, respectively.

In general, the spin-independent scattering cross-section oy of dark matter on nuclei stems
from two main contributions: i) From purely EW loop diagrams, applicable to all EW multiplets;
ii) From Higgs-mediated tree-level diagrams, generated by both Oy and O, for complex WIMPs.
For scenarios with minimal splitting, defined when mass splittings are chosen to be the smallest
allowed by the requirements outlined in Sec. 2, Higgs-mediated scattering becomes subdominant.
In this case, oy can be computed solely by considering EW loop diagrams, as for the real multiplets.

Following Refs. [20, 21], the Lagrangian governing spin-independent DM interactions with
quarks and gluons is given by:

EW

& . i}
Lo = fq MqXXqq + A;Dsza“yv)(Oﬁv + &V X G G*, (18)

where Ojf, denotes twist-2 operator of quark. The Wilson coefficients £, fEV, and gV are
expressed as functions of n and Y, with detailed expressions provided in [20]. In the non-relativistic
limit and dressing Eq. (18) at the nucleon scale [21], o1 per nucleon (for Mpy > mpy) can be
represented as:

my |k 1, (19)

4
osp = —
n

where my is the nucleon mass and

8

EW
oa, frefg" -

Y =3 Y frg 4 3 (a2) + 32 -

q=u,d,s
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Here, the nucleon form factors are defined as fr, = (NlmyGq|N)/my, frc =1-2 4=y a5 fTq>and
(N(P)OE,IN(pP)) = (Pupy — 1M 8uv)(q(2) + G(2))/my, where g(2) and G(2) are the second
moments of the parton distribution functions for a quark or antiquark inside the nucleon [20]. The
values of these form factors are obtained from direct computations on the lattice, as reported by the
FLAG Collaboration [27] in the case of Ny =2+ 1 + 1 dynamical quarks [28, 29].

Fig. 2 illustrates the direct detection reach. The left panel displays results for real representa-
tions, while the right panel showcases those for complex representations in the minimal splitting
scenario. As depicted in the figure, all real representations and most of the complex ones lie above
the neutrino floor and are within the detection reach of forthcoming experiments like DARWIN,
with the exception of the 21/, and 5 cases, which are discussed below.

A useful parametric expression for oy is

o5~ 107¥ ecm?(n? — 1 - £ Y?)?, (20)

where & = 16.6 + 1.3, with the error stemming from the lattice determination of the nucleon form
factors. This formula highlights the potential for significant cancellations relative to the natural size
of the elastic cross section when Y ~ /(n? — 1) /£€. Notably, for n = 2, exact cancellation occurs at
Y ~ 0.44 + 0.02, closely matching the exact hypercharge of the Higgsino. Similarly, cancellation
occurs at Y =~ 1.2 for n = 5. This explain why the signal lies entirely below the neutrino floor in the
21/ and 51 cases.

Regarding spin-dependent (SD) interactions of dark matter with nuclei, these are also induced
by EW loops and can yield a larger cross section compared to the spin-independent (SI) one [20].
However, the predicted SD cross section for all complex WIMPs consistently falls well below the
neutrino floor, making it impossible to test even at future direct detection experiments.

4.2 Indirect detection

The current and upcoming ground-based Cherenkov telescopes are exceptionally well-positioned
to probe heavy WIMP n-plets. This is due to the significant non-perturbative effects, such as Som-
merfeld enhancement (SE) and bound state formation (BSF), which greatly enhance the annihilation
cross-section across all EW gauge bosons in low-velocity environments. Importantly, these non-
perturbative corrections to the annihilation cross-section are more pronounced in low-velocity
environments, implying that the annihilation cross-section in the local universe exceeds that in the
early universe.

Fig. 3 provides an illustrative depiction of the typical y-ray flux expected from annihilating
EW multiplets in astrophysical targets. This flux exhibits several distinctive features. At the
forefront, alongside the continuum arising from the decay and hadronization of heavy EW gauge
bosons, is a prominent loop-induced line at the spectrum’s endpoint, significantly amplified by the
Sommerfeld effect. The cross-section in this channel experiences a substantial boost from the SE,
as documented in, for instance, [9, 30—32], and may surpass the gamma-ray continuum originating
from the showering, hadronization, and decays of electroweak gauge bosons [33]. Additionally,
a series of lines in the energy range of hundreds of GeV is anticipated from the formation of
WIMP bound states. In summary, heavy EW multiplets behave akin to atoms emitting gamma-rays,
allowing for the exploration of correlations between multiple lines.

10
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Figure 3: Anillustrative plot showcases the typical y-ray spectrum coming from the annihilation of EW mul-
tiplets in astrophysical settings. Beyond the continuum emissions stemming from the decay and hadronization
of heavy EW gauge bosons, several distinctive features emerge: notably, a prominent y-ray line situated at
the spectrum’s endpoint, along with a potential array of y-ray lines in the energy range of hundreds of GeV,
attributable to DM bound-state formation.

From an astrophysical standpoint, the effectiveness of high-energy gamma-ray line searches
heavily hinges on the portion of the sky targeted by telescopes. Achieving the optimal choice entails
striking a balance between maximizing photon flux at Earth and controlling systematic uncertainties.
Two extensively studied astrophysical targets are the Galactic Center (GC) [34, 35] and the Milky
Way’s dwarf Spheroidal galaxies (dSphs) [34]. In the GC, uncertainties are primarily driven by
the importance of baryonic physics in the innermost region of the Milky Way, compounded by the
limited knowledge of the dark matter distribution at its center [36-38]. Conversely, dSphs emerge
as very clean environments for high-energy vy-line searches, with residual effects from systematics
related to the determination of astrophysical parameters due to limited stellar tracers [39, 40].

Motivated by the considerations outlined above, a very preliminary analysis of indirect detection
(ID) signals stemming from annihilations of the WIMP 7-plet is presented in Ref. [citation needed].
The study focuses on the prospects offered by the CTA, considering 50 hours of observation time
directed towards two dwarf Spheroidal (dSph) targets in the northern hemisphere: the classic dSph
Draco and the ultra-faint one Triangulum II. Fig. 4 illustrates the Sommerfeld enhancement (SE)
annihilation cross-section for the 7-plets at v = 10 km/s overlaid with the experimental reaches of
CTA. As depicted, both a 50-hour observation of Triangulum II and of Draco present promising
prospects for detecting the high-energy vy line in the annihilation spectrum of the 7-plet. This
analysis is simplified because the signal shape considered essentially consists of a single line
at £, =~ M,. Accordingly, we utilize the CTA prospects derived in Ref. [34] for a pure line,
disregarding contributions from the continuum spectrum, additional features of the spectral shape
induced by the resummation of electroweak (EW) radiation, and the contribution of bound state
formation (BSF) to the photon flux. While neglecting BSF may be justified when focusing on very
high-energy photons, a meticulous computation of the y + X cross-section, where X denotes any
other final state, would be necessary to precisely evaluate the experimental sensitivity [41].

Despite our current inability to make conclusive statements due to significant theoretical
uncertainties, it is evident that large n-plets represent an ideal target for future Cherenkov telescopes,
warranting further theoretical investigation. A complementary open phenomenological question

11
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Figure 4: We present the expected sensitivities of the Cherenkov Telescope Array (CTA) depicted as dashed
black lines, accompanied by the 68% and 95% confidence level intervals. These were derived following
the methodology outlined in Ref. [34], assuming 50 hours of observation time directed towards Draco (in
green) and Triangulum II (in magenta). The SE annihilation cross-sections into the channels contributing
to the monochromatic gamma line signal (i.e., yy and yZ) are represented for a scalar 7-plet (in blue) and
a fermionic 7-plet (in red). Additionally, the vertical bands indicate the predicted thermal masses for the
scalar 7-plet (in blue) and the fermionic 7-plet (in red), where the theory uncertainty primarily stems from
the neglected next-to-leading order contributions [2].

pertains to whether the low-energy gamma lines at E,, ~ E g associated with BSF can be effectively
distinguished from the continuum (see [18, 42, 43] for preliminary work in this direction). A similar
question arises for monochromatic neutrinos from BS annihilations.

4.3 Colliders

Now, let’s explore the potential detection strategies for the direct production of WIMPs at
collider experiments. As discussed in Sec. 3, it becomes apparent that DM masses of > 50 TeV
are necessary to achieve thermal freeze-out for EW multiplets with n > 5. Pair-production of these
states would demand center-of-mass energies exceeding 100 TeV, a threshold unlikely to be reached
at any foreseeable future facility. Conversely, multiplets with n < 5 exhibit thermal masses in the
few TeV range, potentially within the reach of present and future colliders.

The direct reach for these DM candidates at hadron colliders is constrained by the absence
of QCD interactions, limiting the production of DM candidates solely to EW interactions. Con-
sequently, the limits at the LHC remain distant from the interesting thermal mass targets. Only a
future pp collider operating at collisions around 100 TeV may offer reach for some low-n candidates
if such energies can be achieved [44, 45].

On the other hand, lepton colliders primarily achieve reach through indirect effects, such as
the modification of angular distributions in simple ff production, particularly at center-of-mass
energies below the threshold required to produce the DM pair. In this scenario, the reach extends
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up to masses a few factors above the center-of-mass energy (see e.g. [46]). A high-energy lepton
collider, like a muon collider, offers an optimal setting to search for WIMPs. With its substantial
center-of-mass energy, clean collision environment, and the ability to produce weakly interacting
particles up to kinematical threshold, it stands out as an ideal machine. Specifically, we examine
the potential of a future muon collider with a center-of-mass energy exceeding 10 TeV, alongside
the baseline integrated luminosity outlined in [47]

21
10 TeV D

2
Lleab‘l-( Vs ) :
While the realization of such a machine is presently unattainable, ongoing efforts aim to surmount
the associated technological challenges. Early investigations into machine performances [48, 49]

have demonstrated the achievability of the luminosity equation (21) for 4/s < 6 TeV. Further
advancements are underway to extend this capability to higher energies.

We explore various search channels for low-n EW multiplets and determine the minimum
center-of-mass energy and luminosity necessary for directly probing the freeze-out predictions.
Initially, we delve into the prospects of observing DM as an undetected carrier of momentum
recoiling against one or more SM objects. This involves a systematic examination of all “mono-V”
channels, where DM recoils against an SM gauge boson V =y, Z, W. Additionally, we investigate
double vector boson production, referred to as “di-V>’ channels, wherein the presence of a second
SM gauge boson in the final state could enhance sensitivity.

Furthermore, we analyze the reach of disappearing track searches, which are robust predictions
of WIMPs in real EW representations, as discussed in Sec. 2.1, by reinterpreting the results of
[55]. Itis essential to contrast the projections for direct production derived here with similar studies
conducted within the context of future high-energy proton machines [44, 51] (limited by partial
reconstruction of collision kinematics) or electron-positron machines [52, 53] (more effective in
hunting for lighter DM candidates due to moderate center-of-mass energy).

4.3.1 WIMPs as missing momentum

We provide a comprehensive analysis of the different channels designed to detect DM as an
undetected carrier of momentum. The overarching strategy involves measuring a hard SM particle
or a set of particles X, which recoil against a pair of invisible objects,

- X+ X (22)

We consider all components y' of the electroweak (EW) multiplet as invisible, assuming that the
soft decay products of the charged states go undetected. Additionally, (22) implies the presence of
additional soft Standard Model (SM) radiation. The potential of the “mono-photon” topology at a
future muon collider has been previously explored in [54]. Here, we aim to enhance this analysis
by expanding the range of SM objects recoiling against the invisible DM multiplets.

In Fig. 5, the different bars illustrate the 20~ (solid wide) and 5o (hatched thin) reach on the
WIMP mass at a muon collider across various search channels. The vertical red bands represent the
freeze-out prediction. The first seven(three) bars depict the primary channels where real(complex)
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Figure 5: Different bars represent the 20 (solid wide) and 5o~ (hatched thin) reach on the WIMP mass at a
muon collider across various search channels. The vertical red bands indicate the freeze-out prediction. The
first seven(three) bars illustrate the main channels where real(complex) WIMPs would manifest as missing
invariant mass (MIM), recoiling against one or more Standard Model (SM) objects: mono-photon, inclusive
mono-W, leptonic mono-W, mono-Z, di-photon, same-sign di-W, and the combination of all these MIM
channels (blue). The last two bars display the reach of disappearing tracks, requiring at least 1 disappearing
track (red) or at least 2 tracks (orange). All results assume systematic uncertainties of 0 (light), 0.1%
(medium), or 1% (dark). Top panels: Majorana 3-plets for v/s = 14 TeV and £ = 20 ab~! on the left, and
Majorana 5-plets for v/s = 30 TeV and £ = 90 ab™! on the right. Bottom panels: Dirac 2, j2 for v/s = 6 TeV
and £ = 4ab~! on the left, and Dirac 3 for y/s = 10TeV and £ = 10 ab~! on the right.

WIMPs would manifest as missing invariant mass (MIM), recoiling against one or more SM objects:
mono-photon, inclusive mono-W, leptonic mono-W, mono-Z, di-photon, same-sign di-W, and the
combination of all these MIM channels (blue). Results are shown assuming systematic uncertainties
of 0 (light), 0.1% (medium), or 1% (dark).

The top panels present results for real WIMPs: Majorana 3-plets for v/s = 14TeV and £ =
20ab~! on the left, and Majorana 5-plets for v/s = 30 TeV and £ = 90ab~! on the right. Notably,
the inclusive mono-W channel yields the strongest exclusion for both Majorana 3-plets and 5-plets.
The primary impact of the di-boson searches is the reduction of systematic uncertainties in the
combined reach of all Missing Mass channels. To probe a Majorana fermion with n = 3 (n = 5)
using missing-mass searches, a collider with at least /s ~ 12 TeV (y/s ~ 35 TeV) and the baseline
integrated luminosity in Eq. (21) would be required.

In the bottom panels, we present the results for complex WIMPs with Y # 0: Dirac 2y, for
vs =6TeV and £ = 4ab~! on the left, and Dirac 3; for v/s = 10 TeV and £ = 10ab~' on the right.
Notably, both the mono-photon and mono-W channels demonstrate similar reach. Specifically, to
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probe the higgsino (Dirac 2, ;) using missing-mass searches, a collider with at least v/s ~ 6 TeV
and the baseline integrated luminosity in Eq (21) is required.

4.3.2 Disappearing tracks

Another avenue to probe the production of EW WIMPs at colliders is through the detection of
tracks arising from the charged states within the n-plet. Specifically, in our benchmark scenarios, the
DM is part of a multiplet that also includes charged states. When these charged states are produced
in high-energy muon collisions, they decay into DM (via processes like y* — y°7*) inside the
detector. If the charged states are sufficiently long-lived, one can search for disappearing tracks
(DTs) of these charged particles to isolate the DM signal from the background, primarily composed
of neutrinos. These resulting tracks are often too short for conventional track reconstruction methods
to be effective. They manifest as disappearing tracks, characterized by missing hits in the outermost
layers of the tracker and minimal to no activity in the calorimeter and the muon chamber. Higher
electric charge states in larger multiplets decay promptly to y*, thereby contributing to the number
of disappearing tracks.

We investigate mono-photon events accompanied by disappearing tracks and explore event-
selection strategies aimed at identifying a WIMP signal, following the methodology outlined in [55].
Two distinct event-selection strategies are considered: i) Events featuring at least one disappearing
track with transverse momentum pt > 300 GeV, accompanied by a hard photon with energy
E, > 25 GeV; ii) Events containing a hard photon along with two disappearing tracks originating
from the same point along the beam axis. To assess the potential reach, we adopt a cut-and-count
approach and neglect systematic uncertainties. Additional details are provided in the Appendix
of [2, 3] for completeness.

It is crucial to emphasize that for real representations with Y = 0, the mass splitting is solely
determined by gauge interactions, leading to a precise prediction for the lifetime of the singly-
charged component. These lifetimes have been explicitly computed in Refs. [56, 57]:

480 mm

CTy+ = m . (23)
For instance, in the case of the Majorana 3-plet, we anticipate tracks of approximately half a
centimeter, which are in principle detectable. For complex representations with ¥ # 0, the mass
splitting is determined solely by gauge interactions only for multiplets with maximal hypercharge
and is typically larger than that obtained for real representations. In Fig. 4 of [3], the significance of
detecting 1 DT and 2 DT as a function of the track length is illustrated for various complex WIMPs.
Generally, if the mass splitting is solely determined by gauge interactions, the track length is too
short to be detectable. The only plausible approach to observe a signal is to manually reduce the EW
mass splitting using the higher-dimensional operator O, ; however, this option involves fine-tuning.

The results of our recast are depicted in the last two columns of Fig. 5. It can be observed
that DTs exhibit significant efficacy, particularly in the case of the 3-plet, where the reach extends
nearly up to the kinematic threshold. Specifically, an EW 3-plet WIMP with a mass predicted by
thermal freeze-out could be easily discovered at a 6 TeV muon collider, as also suggested in [54, 55].
However, for higher real n-plets and typically for complex WIMPs with purely EW mass splittings,
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the DT method substantially loses its exclusion power due to shorter lifetimes of the y* — y“n*
decays. In the case of the real 5-plet, the DT reach is comparable to the combined reach of the
MIM searches. Conversely, for the complex representations illustrated in the plot, DTs are entirely
subleading.

5. Conclusions and outlooks

In conclusion, this brief review has outlined the phenomenology of EW multiplets as candidates
for DM, serving as a prototype for WIMP DM. The necessity of thermal production implies multi-
TeV mass scales, and the extensive phenomenology of these candidates remains largely unexplored.

Looking ahead, we anticipate a trajectory over the next 30 years that leads to a deeper under-
standing of DM with purely EW interactions. This journey will benefit from the combined efforts
of cosmological probes and the potential realization of a muon collider. Ground-based Cherenkov
telescopes (like CTA), in particular, are poised to make significant contributions by probing heavy
WIMP n-plets, due to the enhanced annihilation cross-section in low-velocity environments. The
upcoming generation of kton-scale direct detection experiments, such as DARWIN, holds great
promise for detecting most real representations and many complex ones. However, challenges
remain for certain cases, such as the 2y, and 5; multiplets. To probe low-n multiplets like the
supersymmetric higgsino (Dirac 2;,) and the Wino (Majorana 3y), a 14 TeV muon collider with
benchmark luminosity would be necessary.
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