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1 Introduction

The overwhelming evidence for the existence of Dark Matter (DM) in the Universe poses
one of the major challenges to particle physics: its presence cannot be accounted for within
the otherwise well-established Standard Model (SM), and thus its nature remains obscure.
Numerous SM extensions have been proposed that address the issue, lacking however a
direct experimental confirmation. For recent reviews, see e.g. [1, 2].

A popular approach to the DM problem is the WIMP hypothesis, i.e. the proposal that
DM is a weakly interacting massive particle with mass around the electroweak (EW) scale.
The DM is then produced via a thermal freeze-out, naturally leading to a relic abundance of
the correct order of magnitude. Furthermore WIMP models are generally accessible to DM
searches in direct and possibly indirect detection experiments as well as the Large Hadron
Collider (LHC). The absence of a New Physics (NP) signal, on the other hand, puts simple
WIMP models under severe pressure.

However, the introduction of a non-trivial flavour structure to the dark sector has been
shown to significantly improve the situation [3–10]. The increased parametric freedom of
flavoured DM models, in particular those that allow for a new source of flavour violation,
allows to evade the tension between the required annihilation rate and the experimental
non-observation of DM, thus making flavoured DM a viable WIMP candidate.
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For an efficient study of flavoured DM beyond Minimal Flavour Violation [11–16],
the concept of Dark Minimal Flavour Violation (DMFV) has been introduced [17], which
minimally extends the model’s flavour sector by allowing for a single new source of flavour
violation. While earlier DMFV studies focussed mainly on quark-flavoured DM [17–21], the
case of lepton-flavoured DM recently attracted increased attention [22–24] partially due to
the long-standing anomaly in the anomalous magnetic moment of the muon, (g−2)µ [25–28].
The first analysis of lepton-flavoured DM in DMFV considered the case of Dirac-fermionic
DM and a scalar mediator [22]. NP contributions to (g − 2)µ were found negative, thereby
increasing the potential tension between SM prediction and experiment. More recently, a
DMFV model of complex scalar lepton-flavoured DM was proposed [23]. In this case, the
NP contribution to (g − 2)µ has the right sign, however the combined constraint from the
DM relic abundance and direct detection experiments pushed the new particles’ masses in
the TeV range, thus rendering them too heavy to have a relevant impact on (g − 2)µ or to
be produced directly at the LHC. In ref. [24] the model was then extended to include DM
couplings to both left- and right-handed leptons. In this way, the contribution to (g − 2)µ
could be enhanced by a chirality-flip inside the NP loop, so that a NP resolution of the
(g − 2)µ puzzle was possible. Yet it came at the cost of abandoning the DMFV minimality
principle and of a significantly increased number of new parameters.

In the present paper we revisit the DMFV model of ref. [23] with the aim of identifying
additional viable parameter space that allows to lower the NP spectrum to the EW scale.
Such low masses make the model highly attractive for LHC searches, and they allow for
a chirality-preserving NP resolution of the (g − 2)µ puzzle if eventually required. On
the one hand, the Higgs portal interaction that is naturally present in singlet scalar DM
models [29, 30] has been neglected in ref. [23]. On the other hand, the hierarchy among the
dark flavours has been fixed such that the lightest flavour, i.e. the DM candidate, has the
strongest coupling to the SM fermions. Here we relax both assumptions and explore the
impact of non-vanishing Higgs portal interactions and of a reversed mass hierarchy in the
dark sector on the model’s phenomenology.

2 Theory

In this section we present the details of the model introduced originally in ref. [23] and
studied in the subsequent analysis. Special emphasis is put on the Higgs portal interaction
and on the DM mass spectrum, while we refer the reader to ref. [23] for further details on
the flavour structure of the model.

2.1 Model setup and details

We introduce DM as a complex scalar field ϕ = (ϕ1, ϕ2, ϕ3)T which transforms as singlet
under the SM gauge group and as a triplet under the new approximate global flavour
symmetry U(3)ϕ. This triplet is coupled to the right-handed leptons ℓR of the SM through
a new Dirac fermion ψ, the so-called mediator. The latter carries the same gauge quantum
numbers as ℓR, i.e. it transforms as a singlet under the SU(2)L and SU(3)C gauge groups of
the SM and has a hypercharge of Y = −1. In order to stabilise DM, the new fields ϕ and ψ
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are charged under a discrete Z2 symmetry. The Lagrangian of this model reads1

L =LSM + (∂µϕ)†(∂µϕ) − M̂2
ϕ ϕ

†ϕ+ ψ̄(i /D −mψ)ψ − (λij ℓ̄Riψ ϕj + h.c.)

− ΛH,ij ϕ†iϕj H
†H + Λϕ,ijklϕ†iϕjϕ

†
kϕl . (2.1)

The coupling matrix λ parameterises the lepton portal interaction. Following the DMFV
assumption [17], λ constitutes the only new source of flavour and CP violation beyond the
SM Yukawa couplings.

Additionally, ϕ also couples to the SM Higgs boson through the quartic coupling matrix
ΛH , the Higgs portal. Its most general form consistent with the DMFV assumption can
be obtained adopting the spurion ansatz from MFV [12]. We thus parameterise the Higgs
portal coupling matrix ΛH in terms of the lepton portal coupling λ by writing

ΛH = λH
{
1+ ηH

(
λ†λ

)
+ O(λ4)

}
. (2.2)

Here λH is a flavour-universal coupling parameter, and the O(λ2) correction is induced by
effects from the UV completion.2 Our ignorance about the latter is accounted for by the
new parameter ηH .

Following ref. [23] we decompose the coupling matrix λ as

λ = UD (2.3)

where D is a diagonal matrix with positive real entries Di, and U is a unitary matrix
parameterised by three mixing angles θij and three complex phases δij . The explicit form
of the parameterisation has been adopted from ref. [31] and can be found in ref. [23]. Note
that we made use of the U(3)ϕ flavour symmetry to reduce the number of free parameters
in λ to nine. Reinserting this expression for the lepton portal coupling matrix λ into the
expression from equation (2.2) for ΛH we find

ΛH = λH
{
1+ ηH D

2 + O(D4)
}
, (2.4)

i.e. the coupling matrix ΛH is diagonal when maintaining the DMFV hypothesis.
In summary, the two coupling matrices λ and ΛH contain a total number of eleven

physical parameters for which we adopt the following ranges to avoid a double-counting of
the parameter space and ensure perturbativity:

θij ∈
[
0, π4

]
, δij ∈ [0, 2π] , Di ∈ [0, 3] , λH ∈ [−3, 3] , ηH ∈ [−0.1, 0.1] . (2.5)

Within these ranges the DMFV corrections to the Higgs portal coupling can grow as
large as ±0.9 indicating that higher-order terms in the DMFV expansion may become
important. The results of our analysis show, however, that the size of the Higgs portal
interaction is severely constrained phenomenologically, and we therefore consider it sufficient
to include only the leading DMFV correction. In passing we note that, following a similar
procedure, also the DM quartic coupling Λϕ can be written in terms of a DMFV spurion
expansion. Since, however, this coupling has no practical implications for our analysis, we
do not consider it further.

1We caution the reader to not confuse the dimensionless coupling matrices ΛH and Λϕ with energy scales.
2Note that loop corrections within the simplified model arise only at higher order in the DMFV

spurion expansion.
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2.2 Mass spectrum

In analogy to the Higgs portal coupling matrix ΛH , the DM mass matrix M̂2
ϕ also cannot

be an arbitrary 3 × 3 matrix as this would violate the DMFV hypothesis. Again, following
ref. [23] we adopt the DMFV spurion expansion and write

M̂2
ϕ = m2

ϕ

{
1+ η

(
λ†λ

)
+ O

(
λ4
)}

= m2
ϕ

{
1+ η D2 + O

(
D4
)}

. (2.6)

The flavour non-universal corrections are due to one-loop renormalisation contributions
already present in the simplified model and/or induced by the UV completion of the theory.
Their unknown size is parameterised by the expansion parameter η in equation (2.6) which
we restrict to the range |η| < 0.1, while m2

ϕ is the flavour-universal leading order mass
parameter.3

Additionally, the interactions in the Higgs portal induce contributions to the DM
mass matrix M̂2

ϕ due to electroweak symmetry breaking (EWSB). These corrections are
proportional to ΛH , and yield the physical mass matrix

M2
ϕ = M̂2

ϕ + v2ΛH , (2.7)

where v = 174 GeV is the Higgs vacuum expectation value (vev).
Inserting the expressions for ΛH from equation (2.4) and M̂2

ϕ from equation (2.6) into
equation (2.7) we then find

M2
ϕ =

(
mϕ

2 + λHv
2
){

1+
(
η + v2 λH (ηH − η)

mϕ
2 + λHv2

)
D2 + O(D4)

}
, (2.8)

for the resulting physical mass matrix M2
ϕ. We see that M2

ϕ exhibits the DMFV expansion
pattern, as expected.

We additionally adopt the convention of ref. [23] to order the fields ϕi in such a way
that the mass matrix M2

ϕ satisfies the hierarchy condition

M2
ϕ = diag

(
m2
ϕ1 ,m

2
ϕ2 ,m

2
ϕ3

)
, (2.9)

with mϕ1 > mϕ2 > mϕ3 . Complemented by the condition that ϕ3 be lighter than the
mediator ψ, this renders ϕ3 the lightest of all new states and we assume it to account for
the observed amount of DM in the Universe.

Finally, as mentioned above we impose a Z2 symmetry under which only the new fields
ϕi and ψ are charged. This ensures that neither of these fields can decay into SM particles
only, and thus guarantees the stability of the DM candidate ϕ3.

3 Phenomenology

The inclusion of the Higgs portal interactions of the DM triplet leads to significant changes
in this model’s phenomenology compared to the results of the study in ref. [23]. In this

3Note that in contrast to ΛH the higher-order corrections to M̂2
ϕ may become relevant, since phenomeno-

logically the parameter m2
ϕ is not constrained to be small. However, for consistency reasons we also truncate

this expansion after the leading correction.

– 4 –



J
H
E
P
1
1
(
2
0
2
3
)
0
7
9

(a) DM-DM annihilation medi-
ated by a Higgs in the s-channel

(b) DM-DM annihilation medi-
ated by the four scalar vertex
interaction

(c) DM-nucleon scattering medi-
ated by a Higgs in the t-channel

Figure 1. New processes due to the Higgs portal interactions. In the first panel from the left the
final state consists of a pair of any SM particle the Higgs boson couples to. The panel in the middle
shows the annihilation diagrams involving four scalar interactions proportional to the Higgs portal
coupling ΛH .

section we first provide an overview of how the phenomenology is altered by these additional
interactions. We then we demonstrate how these changes render NP masses of the order of
the EW scale viable and explore if this extended parameter space allows us to address the
(g − 2)µ puzzle in this model.

3.1 Phenomenology of Higgs portal

Besides generating the additional mass corrections discussed in section 2.2, the Higgs portal
interactions are mainly relevant for two aspects of the model’s overall phenomenology as
discussed in ref. [23]: DM detection experiments and the freeze-out of DM in the early
Universe. Conversely, these interactions do not induce lepton-flavour violating (LFV) decays
as the DMFV expansion from equation (2.2) yields a diagonal Higgs portal coupling matrix
ΛH . Regarding the model’s LHC phenomenology, it was shown in ref. [23] that the relevant
process here is the Drell-Yan production of mediator pairs ψ̄ψ that subsequently decay
into DM and leptons through lepton portal interactions. Hence, the inclusion of Higgs
portal interactions does not alter the model’s phenomenology in this regard either. We
will however see that the impact of the Higgs portal contributions to DM detection and
production shown in figure 1 render small NP scales viable, such that constraints from
additional observables become relevant and the new particles may be in reach of the LHC.

The quartic coupling ΛH of the flavour triplet ϕ to the SM Higgs doublet gives
rise to additional DM annihilation processes shown in figure 1(a) and figure 1(b), which
are particularly relevant for its thermal freeze-out. These processes can yield significant
contributions to the thermally averaged total annihilation rate ⟨σv⟩ of DM in addition
to the standard annihilation of two incoming particles ϕ†iϕj into a pair of leptons ℓ̄kℓl
through the exchange of the new mediator ψ in the t-channel. Also, in contrast to the
p-wave suppressed latter processes [23], the annihilations shown in figure 1(a) and 1(b)
proceed in the s-wave and can become resonantly enhanced at several thresholds in the
regime of the electroweak scale. These enhancements either happen around the threshold
2mϕi

≈ mh, where the Higgs in the s-channel is produced resonantly, or where the mass of
DM is equal to the Higgs, W , Z boson or the top quark mass [29]. Overall, the existence of
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these additional processes and resonances allows for a substantially increased production of
DM in the early Universe, ultimately rendering smaller NP couplings compatible with the
constraints coming from the observed DM relic density than in the case studied in ref. [23].

Some additional Higgs portal annihilation channels however are also subject to con-
straints from indirect detection experiments. Here, the model parameters can be restricted
on the basis of the cosmic-ray antiproton flux measured by the AMS-02 experiment, which
in turn translates into limits on the annihilation rate of two dark particles ϕ3 into a pair of
W bosons, Z bosons or top quarks [32, 33]. The same process with positrons or tau leptons
in the final state is in principle also subject to indirect detection constraints stemming from
measurements of either the positron flux or the γ-ray continuum spectrum [23, 34]. However,
due to the smallness of the lepton Yukawa couplings yℓ and the absence of resonances in
the relevant mass regimes, these processes can be safely neglected.

Further constraints on the Higgs portal coupling ΛH and the DM mass come from
spin-independent DM-nucleon scatterings through the t-channel process shown in figure 1(c).
In contrast to the scatterings governed by the lepton portal coupling λ which arise at the
one-loop level, these scatterings proceed at tree-level and can hence become sizeable. Due
to this new process, the spin-independent averaged DM-nucleon scattering cross section

σNSI = µ2 |Zfp + (A− Z)fn|2

πA2 , (3.1)

receives additional contributions [29]

fhn/p = ΛH,33 yN
2

mN

m2
hmϕ3

, (3.2)

where yN ≃ 0.3 is the Higgs-nucleon coupling, mN is the nucleon mass and the reduced
mass is given by µ = mϕ3mN/(mϕ3 +mN ). The lepton portal contribution to DM-nucleon
scattering can be found in ref. [23].

Compared to the scenario studied in ref. [23], the interplay between these new processes
extends the viable parameter space of the model to also include small mediator masses
mψ ≈ v. These masses were found to be excluded in ref. [23] since in that analysis not
only was the Higgs portal interaction ΛH neglected, but also only the case was considered
where the lightest dark flavour ϕ3 couples the most strongly to the SM. To ensure this
hierarchy in the masses and couplings of the different dark flavours, the parameter η from
equation (2.6) was chosen to be negative. Additionally only two discrete freeze-out scenarios
were explored, in which either all dark flavours contribute equally to the freeze-out or only
the lightest one does. Hence, the hierarchy of masses and couplings4 was either forced to be
quasi-degenerate or one coupling Di was significantly larger than the other two, such that
one mass mϕi

was significantly smaller than the others. As a result of these assumptions, it
was only possible to satisfy the constraints from the observed DM relic density and direct
detection experiments simultaneously at large NP scales mψ. The reason is that the p-wave

4Remember that for negligible Higgs portal interactions the DM masses are connected to the lepton
portal couplings through m2

ϕi
= mϕ

2 (1 + ηD2
i

)
, see section 2.2.
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suppression of the annihilation rate demands large couplings, which in both freeze-out
scenarios are only compatible with constraints from direct detection at large NP scales.

In this work, however, we find that the existence of the additional annihilation channels
shown in figure 1(a) and 1(b) and governed by the Higgs portal coupling changes this
picture in favour of small NP scales. We show this result in figure 2, where we present
the allowed parameter space in the mϕ3–mψ mass plane for three distinct scenarios at 95%
CL. To obtain these results we have employed the statistical procedure that we describe at
the beginning of section 3.3. In order to allow for a direct comparison with figure 7.1 of
ref. [23] we check constraints from LFV decays [35–37], the observed DM relic density [38],
direct detection [39] and indirect detection experiments [34, 40, 41]. Note, however, that in
contrast to the analysis in ref. [23] we do not limit the mass hierarchy between the three
dark states in any sense and consider the most generic case.

The orange region in figure 2 shows the case where we neglect interactions in the
Higgs portal and demand the lightest dark state to have the strongest coupling to the SM
(η < 0), i.e. we reproduce5 the case studied in ref. [23]. As explained above, we find that
the interplay between constraints from the observed DM relic density and direct detection
experiments forces the NP scale mψ to be comparably large. The only exception from
this is the close-to-degenerate region with mψ ≈ mϕ3 , which also allows for NP masses as
small as the electroweak scale. This is due to the fact that in this region the otherwise
Boltzmann-suppressed processes of mediator-DM annihilation into a lepton and a Z or γ as
well as the even further Boltzmann-suppressed mediator-mediator annihilation into a pair
of leptons become relevant due to the small mass splitting. Hence, in this regime the correct
relic abundance can be obtained with comparably small couplings such that constraints
from direct detection can be fulfilled for small masses mψ.

The hatched region on the other hand shows the allowed parameter space for the case
η > 0 and λH = 0. Changing the sign of η generally induces hierarchies where the lightest
dark state has the smallest coupling such that constraints from direct detection experiments
can be evaded. The correct relic density is then obtained through annihilations of the
heavier states ϕ1 and ϕ2 alone. As one can see, this scenario thus allows for a wider range
of NP masses, reaching from the highest scale we consider in our analysis down to the
electroweak scale. The lower bound on the DM mass mϕ3 for a given value of mψ is due to
the annihilation rate of ϕ†iϕi → ℓk ℓ̄k being proportional to m2

ϕi
D4
i /m

4
ψ. As we have limited

the couplings to Di ∈ [0, 3], for a given mediator mass mψ the DM mass mϕi
may not

become arbitrarily small, as this would result in a too small annihilation rate or too large
relic density, respectively.

Finally, we also consider the most general case where we allow for abitrary values and
signs of η while also opening the Higgs portal. The allowed masses for this scenario are
shown by the blue region in figure 2. We find that due to the inclusion of Higgs portal
interactions the viable parameter space is significantly extended. While new annihilation
channels proportional to the Higgs portal coupling λH enhance the total DM annihilation

5Note however, that we use updated constraints on the spin-independent DM-nucleon scattering rate in
our analysis.
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Figure 2. Allowed masses mψ and mϕ3 at 95% CL when satisfying constraints from LFV decays,
the observed relic density, direct and indirect detection. The orange region shows the case with
λH = 0 and η < 0, the hatched region the case with λH = 0 and η > 0, and the blue region the
most general case with λH ̸= 0 and an arbitrary η.

rate in the early Universe, the new contribution to DM-nucleon scattering induced by the
Higgs portal can interfere destructively with the lepton portal contribution. Hence, in this
scenario the interplay between relic density and direct detection constraints is much more
dynamic, ultimately leading to the extended allowed parameter space. We find that except
for a small region between mψ = 800 GeV and mψ = 1600 GeV, the complete mψ–mϕ plane
is rendered viable.

We conclude that in both new scenarios, i.e. a positive η with λH = 0 as well as
arbitrary values for η with λH ̸= 0, the viable parameter space of the model is significantly
extended and allows for small mediator and DM masses. On the one hand, this result
renders additional phenomenological constraints relevant, in particular from EW precision
data and LHC searches. On the other hand, it implies sizeable NP effects in observables
which ref. [23] had previously concluded to be insensitive to the model, due to the large
mass scale found in that study. This applies in particular to collider searches and the muon
anomalous magnetic moment (g − 2)µ.

3.2 Muon anomalous magnetic moment

Ref. [23] found it impossible to address the potential anomaly between the measurement
and theory prediction of the muon’s anomalous magnetic moment in the scenario with
η < 0 and λH = 0. This is due to the afore-mentioned interplay between constraints from
the observed relic density of DM and direct detection experiments, which forces the NP
scale mψ to be of order O(TeV) in this scenario. The operator that gives rise to the muon’s
magnetic moment involves a chirality flip, and as the flavour triplet ϕ only couples to
right-handed leptons in our model, sizeable NP effects in (g − 2)µ require NP masses at
the electroweak scale, mψ ∼ O(100 GeV). While in principle such small masses are also
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viable in the case studied in ref. [23] within the near-degenerate region mψ ≈ mϕ3 , stringent
constraints from searches for soft leptons exclude this part of the parameter space, as will
be discussed in detail in section 3.3.

However, in section 3.1 we have seen that allowing for interactions in the Higgs portal
or inverting the hierarchy between the couplings and masses of the flavour triplet ϕ renders
small NP masses around the electroweak scale viable. This raises the question if sizeable NP
contributions to (g − 2)µ can be generated in either of these scenarios, while satisfying all
relevant experimental constraints. It should however be noted that while the experimental
measurement of (g−2)µ is uncontroversial [25–27], the corresponding SM theory prediction
is subject to ongoing discussions and research. In ref. [28], the Muon (g−2) Theory Initiative
has presented a state-of-the-art prediction for aµ = (g − 2)µ/2 where dispersive techniques
are used to extract the leading-order hadronic vacuum polarisation (HVP) contribution
from ēe→ hadrons data.6 Compared to the aµ measurement, this data-driven prediction
yields a difference between theory and experiment of

∆aexp,dat
µ = aexp

µ − aSM,dat
µ = (2.49 ± 0.48) × 10−9 , (3.3)

which corresponds to a discrepancy of 5.1σ.
In ref. [62], the BMW Lattice QCD collaboration has in turn presented a calculation of

the HVP contribution to aµ using a first-principle lattice QCD approach. Based on their
results, the difference between the prediction and measurement of aµ is reduced to

∆aexp,lat
µ = aexp

µ − aSM,lat
µ = (1.05 ± 0.62) × 10−9 , (3.4)

corresponding to a deviation of 1.6σ, which substantially eases the tension between theory
and experiment. Recent results from other lattice groups are in agreement with the BMW
result [63–66]. However, restricting the use of lattice data to the region least prone to
systematic uncertainties and using data-driven techniques otherwise yields a result for
the HVP contribution which only reduces the deviation between theory and experiment
to 3.8σ [63, 67, 68]. Further, the discrepancy between the two approaches to determine
the HVP contribution renders the lattice results incompatible with σ (ēe→ hadrons) data
hinting at some unresolved issue in either of the approaches. The problem is exacerbated by
the fact that the latest CMD-3 measurement of σ

(
ēe→ π+π−

)
data is incompatible with

previous determinations [69–73]. To provide an overview of this situation we summarise
the numerical values of different SM predictions in appendix A.

In light of this situation, we consider it plausible that the resolution of this puzzle
might require NP in aµ. Hence, in our numerical analysis in section 3.3, we use the SM
prediction of aµ based on the HVP contribution obtained through dispersive techniques,
i.e. we consider the scenario in which ∆aexp

µ exhibits an anomaly. However, to keep track of
any possible outcome of future settlements regarding the (g − 2)µ anomaly, in section 3.3
we also perform a combined analysis based on the BMW calculation and the resulting
difference between theory and experiment as given in equation (3.4), i.e. we also consider
the scenario in which ∆aexp

µ is SM-like.
6See refs. [42–61] for relevant original work.
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γ

µRµL

φi

ψ ψ

µR

(a) NP contribution to aµ

Z

ℓiℓi

φj

ψ ψ

(b) Z–ℓ vertex corrections

Figure 3. NP corrections to lepton-gauge-boson couplings. The left panel shows the NP contribu-
tions ∆aµ to the muon anomalous magnetic moment. The right panel shows vertex corrections to
the Z–ℓ couplings.

In our model, the NP contribution ∆aµ to the anomalous magnetic moment of the
muon is generated through the process shown in figure 3(a), i.e. the muon chirality needs
to be flipped through a mass insertion on one of the external muon lines. It is given by

∆aµ =
m2
µ

16π2

∑
i

|λµi|2

12m2
ϕi

F (xi) , (3.5)

with xi = m2
ψ/m

2
ϕi

and the loop function F reads

F (x) = 2
(1 − x)4

[
2 + 3x− 6x2 + x3 + 6x ln x

]
. (3.6)

We stress that in addition to the constraints considered in ref. [23], i.e. constraints
from collider searches, LFV decays, the observed DM relic density and direct and indirect
DM detection experiments, at scales mψ ∼ O(100 GeV) it is necessary to also include limits
coming from other experiments. Besides similar NP contributions ∆ae to the anomalous
magnetic moment of the electron, the most important constraints stem from the Z–ℓ vertex
corrections shown in figure 3(b). Given that we allow for new interactions in the Higgs
portal, we also need to consider new constraints related to the Higgs sector. For sufficiently
small DM masses mϕ3 < mh/2 we hence include limits from invisible Higgs decays shown
in figure 4(a). While loop corrections to the lepton Yukawa couplings shown in figure 4(b)
are in principle also constrained, we will find in section 3.3 that in light of direct detection
and relic density constraints the Higgs portal coupling needs to be suppressed. Hence,
the h–ℓ vertex corrections, which are additionally suppressed by a loop factor and their
proportionality to the lepton mass, can safely be neglected.

3.3 Combined analysis

In this section, we perform a global analysis and determine our model’s allowed parameter
space by considering all relevant constraints simultaneously. While we particularly discuss
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Figure 4. Additional processes due to Higgs portal interactions.

the feasibility of generating large enough NP effects in aµ to reproduce ∆aexp,dat
µ , following

our discussion from the last section, we also discuss the scenario where (g − 2)µ is in
agreement with its SM prediction, i.e. we impose ∆aexp,lat

µ as a constraint in the fit.

Technical details. In order to quantify the agreement between the data and our model,
we employ χ2-statistics. Thus, in order to determine the best-fit point, we minimise the
function

χ2 =
(
O⃗th(ξi) − O⃗exp

)T
C−1

(
O⃗th(ξi) − O⃗exp

)
, (3.7)

where the vector O⃗th(ξi) contains the theory predictions as a function of the model parame-
ters ξi, and the corresponding experimental measurements with the covariance matrix C

are denoted by the vector O⃗exp. For the case that this model is realised in nature, one
can further determine confidence intervals for the model parameters around the best-fit
point at a given confidence level. We consider constraints from collider searches [74–76],
the observed DM relic density [38], direct detection [39], indirect detection [33, 34, 40, 41],
the anomalous magnetic moment of the electron [77–79], Z–ℓ vertex corrections [80], and
invisible Higgs decays [81]. We do not include constraints from LFV decays into our fit,
since we limit our analysis to the flavour-conserving case with θij = 0. Note that including
flavour-violating interactions would only increase the available parameter space and not
change our conclusions qualitatively.

Some experiments only provide upper limits. In that case, we convert the upper limits
into central values and uncertainties assuming Gaussian distributions centered around zero
in order to include them into the χ2-function from equation (3.7). Since the experimental
uncertainty for the DM relic density is very small [38], we further include an uncertainty
of 10 % on our theory prediction. The latter has been evaluated in a private fork of
micrOMEGAs [82] in order to speed up the evaluation. The relic densities obtained in our
analysis have been validated against the publicly available version.

Since the collider constraints are crucial in the mass region we are interested in, we
perform a full recast. As discussed above and in ref. [23] the most important collider
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signatures are the ones with two final state leptons and missing transverse energy. However,
since no dedicated searches for this final state in our model are available, one can put
limits on the parameter space by recasting supersymmetry searches with final state leptons
and neutralinos. Depending on the mass splitting between the mediator and the invisible
particles in the final state, different searches become important.

For large mass splittings, the strongest constraint comes from ref. [76] where a search
for the signature pp→ ℓ̄ℓχ0

1χ̃
0
1 with ℓ = e, µ, has been performed on the full Run 2 dataset

with an integrated luminosity of 137 fb−1 at a center of mass energy of
√
s = 13 TeV by the

CMS experiment. A similar search [75] has been performed by the ATLAS experiment on
a dataset of 139 fb−1 collected at

√
s = 13 TeV. While the CMS search is important for

larger mass splittings, this search becomes important for mass splittings near the W boson
mass. Finally, in the soft mass region, i.e. small mass splittings, the CMS search for two
soft oppositely charged leptons and missing transverse momentum [74] at

√
s = 13 TeV on

a dataset of 35.9 fb−1 becomes relevant. The search has been performed for the production
and decay of an electroweakino pair and of a chargino-mediated stop pair where in our case
only the former one is of interest.

To recast these searches, we generate pp → ϕiϕ
†
j ℓ̄ℓ in the four flavour scheme at

leading order in MadGraph5_aMC@NLO [83]. For this, we have implemented the Lagrangian
in equation (2.1) in FeynRules [84] and generated a UFO file. The events are fed into a
standalone version of PYTHIA 8.3 [85] to perform the hadronisation, showering and the
subsequent analyses. All analyses except the search for soft leptons have been validated
using the cutflows provided by the experimental collaborations, see appendix B. For the
soft lepton CMS search, we use the validated Rivet [86] analysis CMS_2018_I1646260 from
within PYTHIA. For the CMS searches, we determine the limits on the cross sections by
means of a CLs method while for the ATLAS search we use the model independent limits
provided for each bin.

Finally, regarding the muon anomalous magnetic moment aµ we consider the two
scenarios where it either exhibits an anomaly or is SM-like. For the first scenario we use
the central value and uncertainty of ∆aexp,dat

µ as given in equation (3.3), while we use the
value for ∆aexp,lat

µ given in equation (3.4) in the latter.

Results. The results of our global analysis are gathered in figure 5, figure 6 and figure 7. In
figure 5(a) we show the allowed region in the η–λH plane at 95 % CL. The difference between
the theory prediction of aµ and its measurement is assumed to be given by equation (3.3),
i.e. we consider aexp

µ to exhibit an anomaly. The blue contour shows the case λH < 0
while the orange contour shows λH > 0. We find that NP effects in aµ large enough to be
compatible with ∆aexp,dat

µ at 95 % CL can only be generated for positive lepton portal mass
corrections. As discussed in section 2.2 and given in equation (2.6), these corrections are
parameterised by η, which is found positive in figure 5(a). We also find that in our case the
Higgs portal coupling is restricted to −0.1 ≲ λH ≲ 0.01. For negative λH the contributions
to DM-nucleon scattering from the lepton and Higgs portal can interfere destructively,
opening more parameter space and allowing for larger absolute values of λH than for the
case of pure Higgs portal DM [29, 30]. If on the other hand λH is positive, we re-encounter
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Figure 5. Correlation between fundamental model parameters when satisfying all constraints at
given statistical significance considering an anomaly in ∆aexp

µ . The left panel shows the allowed
regions at 95 % CL in the η–λH plane. The blue contour corresponds to the case λH < 0 and the
orange contour shows λH > 0. In the right panel we show the allowed regions at 68 % CL (orange)
and 95 % CL (blue) in the mψ–mϕ3 plane. In both panels the cross indicates the best-fit point.

the upper bound of λH < 0.01 known from the phenomenology of singlet scalar Higgs portal
DM [29, 30]. This in turn means that the hierarchy between the different dark states is
mainly driven by the lepton portal mass corrections, i.e. we obtain

m2
ϕi

≈ mϕ
2
(
1 + η D2

j

)
, (3.8)

where the correspondence between the indices i and j is determined by the hierarchy of the
couplings Di and our convention mϕ1 > mϕ2 > mϕ3 . Hence, for a positive parameter η the
lightest and therefore stable state ϕ3 couples with the smallest Di. In addition, this coupling
can become very small such that stringent constraints from direct and indirect detection can
always be satisfied. The correct relic density can then be obtained through annihilations
of the heavier states ϕ1 and ϕ2 alone. For negative λH , the afore-mentioned destructive
interference allows for comparably strong Higgs portal interactions, such that annihilations
of the fields ϕi into gauge bosons can also contribute to the freeze-out. In these parts of the
parameter space, even the smallest of the couplings Di can be of order O(1). We conclude
that in spite of extending the parameter space to include NP scales of order O(100 GeV),
allowing non-vanishing Higgs portal interactions in the model studied in ref. [23] alone is
not sufficient in order to explain the (g− 2)µ anomaly. It is rather necessary to consider the
case η > 0, such that the hierarchy between the DM masses and couplings is inverted. This
can also be inferred from the best-fit point,7 which is obtained for (η, λH) = (0.08,−10−5),
i.e. the Higgs portal interactions alone do not resolve the anomaly in ∆aexp,dat

µ .
7Note that here we specifically refer to the best-fit point within the plotted plane. While the best-fit

point is the same for all other planes where λH is free to float, here the value for λH can always fall on the
lower limit of the logarithmic range as the true best fit is realised for λH → 0 or very close to zero.
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In figure 5(b) we show the allowed regions in the plane formed by the NP masses mψ and
mϕ3 at 68 % CL (orange) and 95 % CL (blue), respectively, again considering an anomaly
in aµ. The lower right edge of both contours is due to exclusions coming from the collider
search of ref. [76]. For the 2σ contour for instance, this edge would consist of a roughly
straight line from 120 GeV < mψ < 220 GeV, if only positive couplings λH were allowed.
Above this line the allowed points typically exhibit a hierarchy where the DM-muon and
DM-electron couplings8 are close to maximal, while the DM-tau coupling is close to zero.
Hence, the constraints from the observed relic density are satisfied by annihilations of ϕ1
and ϕ2 while direct detection limits are evaded due to the arbitrarily small DM-tau coupling.
For smaller DM masses, i.e. allowed points below this line, the two contributions to the spin-
independent DM-nucleon scattering cross section from lepton and Higgs portal processes
interfere destructively. This opens up additional parameter space, in which the Higgs portal
and DM-tau coupling can be comparatively large. Also, the DM-electron coupling does not
necessarily need to be large and can even become smaller than the DM-tau coupling, since
the annihilation rate is enhanced by Higgs portal interactions. Hence, one is always left with
a non-negligible branching ratio of the mediator into τ -flavoured final states, which relaxes
the collider constraints in this regime. The upper left edge close to the equal mass threshold
mψ = mϕ3 is due to constraints from the observed DM relic density and (g − 2)µ. In this
regime the number density of the mediator ψ receives a weaker Boltzmann suppression, such
that the freeze-out is dominated by ψψ̄ s-wave annihilations. Above this upper edge however,
the Boltzmann suppression of nψ becomes even weaker, such that the ψψ̄ annihilations are so
enhanced that one needs small DM-muon couplings in order to satisfy the relic density con-
straint. Such small couplings on the other hand are not compatible with the (g− 2)µ bound.
The upper right edge of the contours on the other hand is due to the bound from ∆aexp

µ and
the fact that we have limited the couplings Di to Di ∈ [0, 3]. At 95 % CL, mediator masses
mψ ≳ 215 GeV require couplings Di > 3 in order to not obtain a too small NP contribution
∆aµ and be compatible with ∆aexp,dat

µ as given in equation (3.3). Finally, the lower left edge
of the contours is due to constraints on the Z–ℓ vertex corrections. At 68 % CL for instance,
NP contributions to the Z–µ vertex grow too large for mediator masses mψ ≲ 140 GeV, since
the relevant coupling9 |λµi| cannot become arbitrarily small due to constraints from the ob-
served relic density and in order to not generate too small NP effects ∆aµ. Hence, within the
region 120 GeV ≲ mψ ≲ 140 GeV the constraints can only be satisfied for an increasing DM
mass mϕ3 , since the relevant loop function for the corrections to the Z–ℓ vertices becomes
suppressed in the limit mϕ3 → mψ. For even smaller masses mψ ≲ 120 GeV we find that the
interplay between the Z–ℓ vertex corrections and the collider search in the soft mass region
from ref. [74] only allows for a tiny band close to the upper edge which extends down to
mψ = 100 GeV. As indicated by the black cross in figure 5(b), the best-fit point is obtained
for (mψ,mϕ3) = (120, 105) GeV and yields χ2/ndf = 6.09/7. Thus, in summary we find
that in our model the (g − 2)µ anomaly can be explained within the mass range 100 GeV ≲
mψ ≲ 190 GeV at 68 % CL and within the range 100 GeV ≲ mψ ≲ 215 GeV at 95 % CL.

8Here and in what follows, the term “DM-lepton coupling” collectively refers to the coupling of any of
the three dark flavours ϕi to the lepton, rather than that of the stable DM candidate ϕ3 alone.

9Remember that we work with the convention mϕ1 > mϕ2 > mϕ3 .
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Figure 6. Correlation between NP effects in aµ and model parameters or other observables when
satisfying all constraints at 95 % CL considering an anomaly in ∆aexp

µ . In the left panel we show
the allowed regions in the mψ–∆aµ plane while the right panel shows the allowed regions in the
ΩDMh

2–∆aµ plane. In both panels the black cross indicates the best-fit point, while the red, orange
and yellow bands correspond to the central value and the 1σ and 2σ band of ∆aexp,dat

µ .

The correlation between NP effects in aµ and the NP scale mψ when satisfying all
constraints at 95 % CL is illustrated in figure 6(a). The lower edge of the allowed region
here is directly related to ∆aexp,dat

µ itself, while the steeply decreasing upper edge is due
to the suppression of ∆aµ by the mediator mass mψ. Given that we have restricted the
couplings Di to Di ∈ [0, 3], increasing mediator masses hence lead to smaller values of ∆aµ,
as the DM-muon coupling cannot grow larger than |λµi| = 3. The decrease of the upper
edge of the allowed values for ∆aµ for mediator masses mψ ≲ 120 GeV is due to constraints
on NP contributions to the Z–µ coupling, since in this regime the latter force the DM-muon
coupling to satisfy |λµi| < 3. We find that the best fit is obtained for ∆aµ = 2.48 × 10−9,
i.e. the central value of ∆aexp,dat

µ is precisely reproduced.
In figure 6(b) we show the correlation between the relic density of DM and NP effects

in aµ when satisfying all constraints at 95 % CL. The resulting region consists of an
ellipse, which is stretched towards larger values of ΩDMh

2. This indicates that there is
no correlation between these two observables. The ellipse is stretched towards larger relic
densities, since we assume an uncertainty of 10 % on the theory value of ΩDMh

2, i.e. the
uncertainty, and therefore the allowed region, grows with increasing central values. We find
that the best fit also exactly reproduces the experimental central value of the DM relic
density, i.e. ΩDMh

2 = 0.12.
Finally, we also show the allowed regions in the NP mass plane, when the muon

anomalous magnetic moment aµ is considered to be SM-like in figure 7, using ∆aexp,lat
µ from

equation (3.4) in the fit. The orange region here shows the allowed parameter space at 95 %
CL, while the blue region shows the corresponding region in the scenario in which aµ is
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Figure 7. Correlation between mψ and mϕ3 when satisfying all constraints at 95 % CL. The orange
region shows the allowed parameter space when considering aµ to not exhibit an anomaly, i.e. we
assume ∆aexp,lat

µ . The cross indicates the corresponding best-fit point. For comparison, the blue
region shows the allowed masses when aµ exhibits an anomaly.

considered to exhibit an anomaly. We find that the complete range of NP scales considered
in our analysis is allowed. The viable parameter space is mainly determined by the relic
density and collider constraints. Close to the near-degenerate region mψ ≈ mϕ3 we find that
the interplay between the soft searches from ref. [74] and relic density constraints excludes
a tiny band for mψ ≲ 150 GeV. Here, the restrictions from the mentioned search are so
strong that they require couplings too small to comply with the relic density constraint.
The lower edge of the orange region in figure 7, on the other hand, is due to similar reasons
as the lower right edge of the contours in figure 5(a). Again, the allowed points close to
this edge yield a destructive interference between Higgs and lepton portal contributions to
the DM-nucleon scattering rate. Below this edge however, the collider constraints become
so strong that in spite of this interference it is not possible to satisfy the relic density
and collider constraints simultaneously. We further find that while it allows for a larger
range of NP scales, this scenario does not yield a significantly better global description of
experimental data. The best fit is obtained for (mψ,mϕ3) = (135, 115) GeV and yields a
chi-squared of χ2/ndf = 5.93/7, while the above-mentioned best fit of the anomaly-scenario
yields χ2/ndf = 6.09/7.

4 Summary

In this analysis we have studied a simplified model of flavoured complex scalar dark matter
coupling to the SM through both the Higgs and lepton portals. To this end we have revisited
the model presented in ref. [23], which extends the SM model by a complex scalar flavour
triplet ϕ that couples to right-handed leptons ℓR through an electrically-charged vector-like
Dirac fermion. The Higgs portal interactions, generally present in the model, were neglected
in the analysis of ref. [23], and the hierarchy between the DM masses and couplings was
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fixed in such a way that the lightest generation always has the largest coupling to the SM
leptons. In this analysis we instead consider the most general case, by not only allowing for
Higgs portal interactions but also by not constraining the hierarchy of DM couplings in any
way aside from the chosen parameter ranges.

After presenting the model details and discussing its mass spectrum in section 2, we
have outlined the fundamental phenomenological features of the Higgs portal interactions in
section 3.1. Here we found that the main alterations of the phenomenology when comparing
our results to the ones of ref. [23] are related to the production of DM in the early Universe
and the phenomenology of DM detection experiments. The Higgs portal interactions give
rise to several additional DM annihilation channels. Depending on the final state, this
process can be resonantly enhanced at several mass thresholds, ultimately allowing for a
much more dynamic production of DM than in the pure lepton portal scenario studied in
ref. [23]. Similar findings also hold true for the model’s direct detection phenomenology. A
new contribution to spin-independent DM-nucleon scattering through the tree-level exchange
of a Higgs boson in the t-channel turned out to destructively interfere with the lepton portal
contribution in parts of the parameter space. Further, the new annihilation channels of
DM into pairs of W or Z bosons or top quarks also renders indirect detection constraints
from measurements of the anti-proton flux relevant. In spite of these new constraints, we
found the parameter space of our model to be extended to include NP masses around the
electroweak scale, which were originally excluded in ref. [23]. These small NP scales can
either become viable through Higgs portal interactions only, while maintaining the hierarchy
in the DM couplings from ref. [23], or by simply allowing for generic hierarchies.

Since, in contrast to the analysis of ref. [23], small enough NP scales to generate sizeable
NP effects in the anomalous magnetic moment of the muon are allowed in our model, we have
then discussed this observable in section 3.2. After outlining how different approaches to pre-
dict aµ in the SM lead to significantly different results either exhibiting an anomaly or being
compatible with the experimental measurement, we have concluded that the current situation
requires further clarification and we thus consider both scenarios in our analysis. This section
was then concluded by discussing the NP contributions ∆aµ generated within our model.

In section 3.3 we have then presented a combined analysis in which we determined
our model’s allowed parameter space by considering constraints from collider searches,
the observed DM relic density, direct and indirect detection experiments, the electron
anomalous magnetic moment, Z–ℓ vertex corrections and invisible Higgs decays. Regarding
the anomalous magnetic moment of the muon aµ we consider the two cases where it either
exhibits an anomaly or is SM-like. In the former scenario we find that at the best-fit point
both the central value of ∆aexp

µ and the correct DM relic density are precisely reproduced.
The allowed NP scales are found to range from mψ = 100 GeV to mψ = 215 GeV at 95 %
CL. For the scenario in which aµ is SM-like we in contrast find the allowed NP scales to
span over the complete range considered in our analysis. However, in spite of this larger
allowed parameter space, within the EW scale the obtained best fit is not significantly
better in this scenario and prefers similar masses.

In summary our results show that lepton-flavoured scalar DM can be realised at the
EW scale and therefore in the reach of direct LHC searches. While such a low NP scale
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also allows for a solution of the (g − 2)µ puzzle, we found the model to provide an equally
viable DM candidate in case the latter observable eventually turns out to be SM-like.
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A Muon anomalous magnetic moment

The world-average of the experimental measurement of the anomalous magnetic moment of
the muon reads [25–27]

aexp
µ = (116592059 ± 22) × 10−11 . (A.1)

Using dispersive techniques to extract the HVP contribution from σ(ēe→ hadrons) data,
the Muon (g − 2)µ Theory Initiative, based on [42–61], determined the SM prediction to
be [28]

aSM,dat
µ = (116591810 ± 43) × 10−11 . (A.2)

Subtracting the leading-order HVP contribution from this prediction and replacing it by
the BMW collaboration’s lattice QCD prediction [62] yields a SM prediction which reads

aSM,lat
µ = (116591954 ± 58) × 10−11 . (A.3)

Other lattice calculations of the HVP contribution are consistent with the BMW result [63–
66].

One last approach is to only use the lattice results for the so-called window observable
awin
µ [63], which is least prone to systematic uncertainties. The result for awin

µ when again
using data-driven techniques reads [68]

awin,dat
µ = (2294 ± 14) × 10−11 , (A.4)

whereas the lattice QCD world-average reads [67]

awin,lat
µ = (2362 ± 11) × 10−11 . (A.5)

Replacing only this window observable by its lattice QCD result in the leading-order HVP
contribution as found by the Muon (g − 2)µ Theory Initiative [28] yields a total HVP
contribution of

aHVP,dat+lat
µ = (6999 ± 38) × 10−11 , (A.6)

which when used to replace aHVP
µ from the overall SM prediction presented in ref. [28] yields

aSM,dat+lat
µ = (116591878 ± 42) × 10−11 . (A.7)
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The corresponding discrepancies between each theory prediction and the experimental
measurement read

∆aexp,dat
µ = (2.49 ± 0.48) × 10−9 , (A.8)

∆aexp,lat
µ = (1.05 ± 0.62) × 10−9 , (A.9)

∆aexp,dat+lat
µ = (1.81 ± 0.47) × 10−9 . (A.10)

A brief summary of the current status of the (g − 2)µ SM prediction has recently been
provided in refs. [87, 88].

B Collider analysis

Here we present the implementation and validation of the recasts performed for the CMS
and ATLAS searches presented in ref. [76] and ref. [75], respectively.

B.1 Validation of PYTHIA code for recasting arXiv:2012.08600 (CMS)

The CMS collaboration performed a search for supersymmetry in final states with two
oppositely charged same-flavour (OCSF) leptons and missing transverse momentum at√
s = 13 TeV corresponding to an integrated luminosity of 137 fb−1 [76]. Note that we focus

on the implementation of the slepton signal region since this is the topology corresponding
to our model signal.

In order to define the signal regions, only same flavour leptons are used. Events are
required to have two oppositely charged leptons within |η| < 2.4 (excluding the transition
region between the barrel and endcap of the electromagnetic calorimeter 1.4 < |η| < 1.6)
and pT > 50 (20) GeV for the highest (next-to-highest) pT lepton. Selected leptons must
be separated by a distance ∆R =

√
(∆η)2 + (∆ϕ)2 > 0.1, with the azimuthal angle ϕ and

pseudorapidity η. Further, in order to isolate the leptons from other particles in the event,
the pT sum of particle flow candidates in a cone ∆R around the lepton is required to be
< 10 (20) % of the electron (muon) pT. The separation ∆R depends on the momentum of
the lepton and is ∆R = 0.2 for pT < 50 GeV, ∆R = 10 GeV/pT if 50 GeV < pT < 200 GeV,
and ∆R = 0.05 otherwise. The invariant mass, mℓℓ, of the dilepton system, is required
to be < 65 GeV or > 120 GeV, its transverse momentum pℓℓT , and pmiss

T are required to be
greater than 50 and 100 GeV, respectively. The variable MT2(ℓℓ) is further required to be
MT2(ℓℓ) > 100 GeV. It is defined as [89, 90]

MT2 = min
p⃗

miss(1)
T +p⃗miss(2)

T =p⃗miss
T

[
max

(
M

(1)
T ,M

(2)
T

)]
, (B.1)

with the vector p⃗miss(i)
T , i = 1, 2, in the transverse plane and the corresponding transverse

mass M (i)
T resulting from pairing the p⃗

miss(i)
T with one of the two visible objects. Jets

are clustered using the anti-kT algorithm from FastJet [91] with a distance parameter of
R = 0.4. Jets must lie within |η| < 2.4, have transverse momentum of pT > 25 GeV, and
are removed if they lie within ∆R = 0.4 of any selected lepton.
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(600, 0) GeV (600, 400) GeV
Ref. [76] this work Ref. [76] this work

Two OCSF leptons with pT > 25 and 10 GeV — — — —
pℓℓT > 50 GeV 98.4 % 98.2 % 95.1 % 95.0 %
∆R(ℓℓ) > 0.1 100 % 100 % 99.8 % 100 %
mℓℓ < 65 or mℓℓ > 120 GeV 98.2 % 98.3 % 93.7 % 94.0 %
Leading lepton pT > 50 GeV 100 % 100 % 100 % 99.9 %
Third lepton veto 97.2 % 99.9 % 97.3 % 100 %
MT2(ℓℓ) > 100 GeV 83.0 % 83.5 % 69.4 % 69.6 %
pmiss

T > 100 GeV 99.8 % 99.5 % 98.8 % 99.0 %

nj > 0, ∆ϕ(p⃗ j1T , p⃗miss
T ) > 0.4 and pℓ2T /p

j1
T > 1.2 39.5 % 36.3 % 32.7 % 29.3 %

nj = 0 43.7 % 46.2 % 44.6 % 47.2 %

Table 1. Cutflow for the slepton signal sample with the slepton-neutralino mass pair (ml̃,mχ̃0
1
) =

(600, 0) GeV and (600, 400) GeV, respectively. The numbers correspond to the relative amount of
events passing the respective cut.

The selected events are further split into two signal regions corresponding to zero and
one additional jet, nj = 0, 1. For the latter signal region the jet is required to have an
angular separation ∆ϕ from p⃗miss

T of ∆ϕ(p⃗j1T , p⃗
miss
T ) > 0.4 and transverse momentum of

pj1T < pℓ2T /1.2. Finally, each signal region is further split into pmiss
T bins according to table 9

of ref. [76].
The analysis as just described has been implemented in PYTHIA. In order to calculate

the variable MT2(ℓℓ), we use the implementation from ref. [92]. To verify our analysis, we
generate a slepton signal sample with slepton-neutralino mass pairs (ml̃,mχ̃0

1
) of (600, 0) GeV

and (600, 400) GeV in MadGraph5_aMC@NLO at leading order. In table 1, we show the cutflow
resulting from applying our analysis to the slepton signal sample and compare it to the
cutflows taken from the auxiliary materials of the CMS analysis [76]. We show the number
of events passing each cut relative to the number of events before applying it. The cuts are
applied in the listed order. Note that we do not show the relative number of events passing
the first cut as it depends on the event generation. We find excellent agreement with the
CMS analysis [76].

B.2 Validation of PYTHIA code for recasting arXiv:2209.13935 (ATLAS)

ATLAS presented in ref. [75] a search for direct pair production of sleptons and charginos
decaying to two leptons and neutralinos with mass splittings near the W -boson mass in√
s = 13 TeV using 139 fb−1 of collected data. Again, we only focus on the slepton search as

this one corresponds to the topology of the model signal. Selected events have been divided
into two signal regions (SR) corresponding to zero (SR-0J) and one (SR-1J) additional
jets. Each signal region has further been divided into exclusive (binned) and inclusive
signal regions in the stransverse mass MT2 as defined in appendix B.1. Note that we
only use the inclusive signal regions to recast the search since for those ATLAS provides
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Signal region (SR) SR-0J SR-1J

nb-tagged jets 0 0
Emiss

T significance > 7 > 7
nnon-b-tagged jets 0 1
pℓ1T in GeV > 140 > 100
pℓ2T in GeV > 20 > 50
mℓℓ in GeV > 11 > 60
pℓℓT,boost < 5 —
| cos θ∗ℓℓ| < 0.2 < 0.1
∆ϕℓ,ℓ > 2.2 > 2.8
∆ϕpmiss

T ,ℓ1 > 2.2 —

Table 2. Selection criteria for the slepton search region of ref. [75]. See text for the definition of
the variables.

the model-independent upper limits at 95 % CL on the observed number of beyond the
SM events. The selection criteria are listed in table 2. In contrast to the CMS search in
appendix B.1, jet candidates in the ATLAS search are removed if they lie within ∆R = 0.2
of an electron candidate, or if they contain fewer than three tracks that lie within ∆R = 0.4
of a muon candidate. Electrons and muons that lie within ∆R′ = min(0.4, 0.04 + 10/pT)
of the remaining jets are discarded. Note that also the lepton isolation criteria differ
from the ones of the CMS search, cf. ref. [75]. In order to increase the sensitivity for the
supersymmetric models, this search makes use of the variable cos θ∗ℓℓ = tanh(∆ηℓℓ/2) with
the pseudorapidity difference between the two leptons ∆ηℓℓ. Additionally, the variable Emiss

T
significance is used to discriminate between undetected particles and poorly measured ones.
The variable Emiss

T significance is defined as [93]

Emiss
T significance = |p⃗miss

T |√
σ2

L(1 − ρ2
LT)

, (B.2)

with the negative vector sum of all identified particles p⃗miss
T , the variable σL denoting the

longitudinal component of the total transverse momentum resolution, and the correlation
factor ρLT between the parallel and perpendicular components of the transverse momentum
resolution for each object.

All selection criteria have been implemented in PYTHIA. To model the variable Emiss
T

significance, we use and digitise the information in ref. [93]. To calculate the stransverse
mass MT2, we use the implementation from ref. [92].

In order to validate the analysis, we generate a slepton signal sample in
MadGraph5_aMC@NLO at leading order. The sample is generated for slepton masses of
ml̃ = 100 GeV and a neutralino mass of mχ̃0

1
= 70 GeV. The comparison of the resulting

cutflows from our analysis with the ones provided by ATLAS, taken from the auxiliary
materials of ref. [75], are shown in table 3. There, we show the number of events pass-
ing each cut relative to the number of events before applying the cut. Note that we do
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SR-0J SR-1J
Ref. [75] this work Ref. [75] this work

Events with only 2 leptons, with pT > 9 GeV — — — —
Trigger & pℓ1T > 27 GeV 82.1 % 86.3 % 82.1 % 86.3 %
njet < 2 78.8 % 87.1 % 78.8 % 87.1 %
pℓ2T > 20 GeV 74.6 % 70.7 % 74.6 % 70.7 %
Events with same flavour leptons 100 % 100 % 100 % 100 %
Events with opposite sign leptons 99.5 % 100 % 99.5 % 100 %
mℓℓ > 11 GeV 100 % 100 % 100 % 100 %
mℓℓ < 76 GeV or mℓℓ > 106 GeV 70.7 % 70.2 % 70.7 % 70.2 %
Emiss

T significance > 7 9.36 % 8.96 % 9.36 % 8.96 %

njet = 0 45.8 % 40.9 % — —
pℓℓT,boost < 5 24.2 % 19.4 % — —
cos θ∗ℓℓ < 0.2 38.7 % 38.1 % — —
∆ϕpmiss

T ,ℓ1 > 2.2 95.2 % 100 % — —
∆ϕℓℓ > 2.2 100 % 100 % — —
pℓ1T > 140 GeV 49.7 % 55.4 % — —

njet = 1 — — 54.1 % 60.3 %
nb-tagged jets = 0 — — 95.5 % 98.4 %
mℓℓ > 60 — — 86.0 % 84.9 %
cos θ∗ℓℓ < 0.1 — — 18.8 % 17.4 %
∆ϕℓℓ > 2.2 — — 47.3 % 37.8 %
pℓ2T > 50 GeV — — 61.6 % 55.0 %
pℓ1T > 100 GeV — — 82.5 % 68.3 %

Table 3. Cutflow for the mass pair (ml̃,mχ̃0
1
) = (100, 70) GeV for the signal regions SR-0J and

SR-1J. The numbers correspond to the relative amount of events passing each cut.

not show the relative number of events passing the first cut as it depends on the event
generation. In conclusion, we find good agreement with the analysis performed by the
ATLAS collaboration.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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