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We present a comprehensive study of the Muonic Portal to Vector Dark Matter (MPVDM), a
minimal yet phenomenologically rich extension of the Standard Model featuring a new SU(2)p
gauge symmetry and vector-like muons. In this framework, the dark sector interacts with the Stan-
dard Model exclusively through these heavy leptons, providing a natural link between dark matter
and the muon sector. We show that the MPVDM can simultaneously account for the observed
dark matter relic abundance and the anomalous magnetic moment of the muon, a,, under both the
tension and compatibility scenarios motivated by recent (g — 2), evaluations. One of the new key
findings of this work is the identification of a generic off-resonance velocity-suppression mechanism
that enables light (< 1 GeV) vector dark matter to evade stringent CMB limits near 2mpm ~ mp .
In contrast to previously discussed scenarios based on ultra-narrow Breit—Wigner resonances and
the associated early kinetic decoupling, the suppression arises naturally from the temperature evo-
lution of the annihilation cross section in a moderately detuned near-resonant regime, where being
about 10-20% below the resonance is already sufficient to achieve the required CMB-era suppression
without fine-tuning. A five-dimensional parameter scan combining cosmological, collider, and pre-
cision constraints reveals that the tension scenario requires sub-GeV dark matter, realised near the
scalar resonance with a dark gauge coupling gp ~ 1072 and TeV-scale vector-like muons, while the
compatibility scenario opens a broad range of viable dark matter masses from sub-GeV to multi-TeV
without fine-tuning. By recasting ATLAS and CMS searches for upu~ + EX' (missing transverse
energy), we establish a lower bound of about 850 GeV on the vector-like muon masses. Finally, we
highlight distinctive multi-lepton signatures with up to six, eight, or ten muons in the final state,
offering striking discovery prospects at the LHC and future colliders. The MPVDM scenario thus
provides a unified, predictive, and experimentally accessible framework connecting dark matter and
muon physics across cosmological and collider frontiers.
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I. INTRODUCTION

Understanding the nature of Dark Matter (DM) remains one of the greatest puzzles in modern particle physics
and cosmology. While overwhelming observational evidence, spanning galactic to cosmological scales, supports the
existence of DM, decades of experimental efforts have only confirmed its gravitational interactions. Dedicated obser-
vations of the Cosmic Microwave Background (CMB) anisotropies by the Planck experiment imply that the amount
of DM is approximately five times greater than that of baryonic matter [I]. However, key questions about DM, such
as its spin, mass, non-gravitational interactions, stability mechanism, number of associated states, and the potential
mediators of interactions with Standard Model (SM) particles, remain unanswered. The evidence for DM provides,
arguably, the strongest experimental indication of Beyond the Standard Model (BSM) physics.

A further long-discussed potential tension between Standard Model (SM) predictions and observed data concerns
the anomalous magnetic moment of the muon 2], a, = (9—2),,/2, which remains a topic of intense interest in particle
physics due to its potential to reveal the nature of physics beyond the SM.

The precise measurements of a,, from Fermilab (FNAL) [3], combined with earlier measurements from Brookhaven
(BNL) [4H6], have improved the accuracy of a,, by about a factor of two, offering a sharper probe of possible deviations
from the SM. The latest combined world average is

agxp = 116592071.5(14.5) x 107, (1.1)

with a precision of 124 parts per billion. Further improvements are expected from the ongoing analysis of the
Fermilab Run 6 data and from the forthcoming J-PARC experiment |7, [8], which employs an independent measurement
technique.

While the experimental determinations are now in strong mutual agreement, the theoretical situation remains
complex. The 2020 Muon g — 2 Theory Initiative white paper [2] gave the benchmark SM prediction

ap M WP2020 = 116591810(43) x 107, (1.2)

which was consistent with previous theoretical evaluations [9H25]. At that time, comparing Eq. (1.2) with the then-
current experimental value yielded

Aaf¥Pr = gl XP — oSMWP2020 — 949(48) x 10711, (1.3)

corresponding to a tension of roughly 50. Updating to the 2025 experimental average while keeping the 2020 theory
baseline gives

Aa,, = 261(45) x 1071 (1.4)

which slightly increases the central discrepancy (though this comparison mixes results from different epochs and
should be treated only illustratively).

The largest source of theoretical uncertainty arises from the hadronic vacuum polarization (HVP) contribution.
Two complementary approaches exist. The first is the data-driven dispersive method, which uses experimental mea-
surements of eTe” — hadrons to determine the HVP via a dispersion relation [14 15 26 27]. The second is a
first-principles computation via lattice QCD [28432]. Historically, the dispersive method had smaller quoted uncer-
tainties, while lattice results were limited by systematics.

This situation changed when the BMW collaboration reported in 2020 [33] a sub-percent lattice determination of
the HVP, obtaining a larger aiM and thereby reducing the experiment—theory discrepancy to about 1.50. That result,

however, generated debate because it was in tension with global electroweak fits via its effect on Aaﬁ‘r;)d(mz) [34].
More recently, the Fermilab/HPQCD /MILC collaboration published a new high-precision lattice computation of the
total HVP contribution [35], finding a result consistent with the BMW value within uncertainties. The agreement
between these two independent lattice collaborations strengthens the reliability of the lattice-based HVP evaluation,
which yields a higher SM prediction and consequently a smaller difference with experiment.

Meanwhile, the experimental picture evolved as the CMD-3 collaboration reported new cross-section measure-
ments for ete™ — hadrons [36], which are systematically higher than earlier results from CMD-2 [37H40], SND [41],
KLOE [42H45], BaBar [46], and BESIII [47]. If correct, CMD-3’s higher hadronic cross sections would increase the
dispersive HVP estimate, raising the SM value of a,, and largely resolving the previous tension. However, this dataset
remains in tension with the older, highly consistent measurements.

In response to these developments, the Muon g — 2 Theory Initiative released an updated white paper in 2025 [48].
This new evaluation incorporates the CMD-3 and BESIII data, the latest lattice results, and refined estimates of



the hadronic light-by-light contribution. Adopting the lattice-informed HVP inputs in this update results in a major
upward shift of the total SM prediction, which now reads
asMWP2025 = 116592033(62) x 107, (1.5)

corresponding to a total theoretical uncertainty of 530 ppb. When compared with the new experimental world average
of Eq. (1.1), the difference becomes

AaXPe = afXF — giMWP20% = 38(63) x 1071, (1.6)
indicating that, within current uncertainties, there is no statistically significant tension between experiment and the
SM prediction.

Thus, the field presently entertains two scientifically distinct possibilities. In the first, referred to as the tension
scenario, one retains the pre-2023 dispersive-based evaluations, for which the excess ACLEXP’t ~ (2.5+0.5) x 1077
(approximately 50) persists, motivating models with new particles coupled to muons and photons. In the second,
termed the compatibility scenario, following the 2025 Theory Initiative update, the SM and experiment are consistent
within uncertainties, albeit relying on the CMD-3 cross-sections, which are higher than all previous experiments.

In what follows, we therefore consider both cases: (i) regions of parameter space capable of explaining the positive
excess AaPXPt ~ 50, including theoretical and experimental uncertainties, and (ii) regions compatible with a nearly
null deviation according to the 2025 theory evaluation. This dual approach ensures that our model remains consistent
with the evolving theoretical and experimental picture of the muon anomalous magnetic moment.

The a, anomaly and the DM problem provide strong motivation for exploring BSM physics. Currently, several
models aim to simultaneously address these issues, including the Scalar Dark Matter (SDM) models [49-53], the SDM
with Vector-Like Leptons (VLLs) [54H60], the Vector Dark Matter (VDM) with scalar portal [61] [62], and the VDM
with VLL portal [63].

In our previous papers [64] [65], we proposed a novel theoretical construct in which the DM is a gauge vector from a
non-Abelian group, interacting with the fermionic sector of the SM via the mediation of new vector-like (VL) partners
of SM fermions, which we labelled the Fermionic Portal to Vector Dark Matter (FPVDM). We comprehensively
studied scenarios where the VL fermion doublet is composed of VL top quarks, examining both their cosmological
and collider phenomenology.

In this paper, we investigate the possibility of simultaneously addressing the DM problem and the muon anomalous
magnetic moment by focusing on a specific realization of this framework, where the portal is mediated by a doublet
of muon partners:

We abbreviate this realization as MPVDM from now on. The theoretical foundation of the MPVDM model is based
on the FPVDM framework. The connection between the SM and dark sectors is established via Yukawa interactions
involving both SM and VL muons. In addition to SM particles in the loop, a, receives contributions from new
gauge bosons, scalars, and fermions in the MPVDM, which we have thoroughly evaluated and collectively refer to as
New Physics (NP) contributions. Using these results, we demonstrate that the MPVDM model has the potential to
address both the a, anomaly and the DM problem simultaneously, leading to a specific new scenario with distinctive
signatures.

This paper is organized as follows: in Section [[I, we summarize the theoretical setup for the MPVDM. In Sec-
tion @ we review the relevant expressions for a, and present the parameter space allowed by existing constraints.
In Section [I[V] we examine the dark matter candidate and the surviving parameter space after applying cosmological
bounds (relic density, direct, and indirect detection constraints). In Section we discuss collider limits from pair
production of vector-like muon partners, leading to a u*p~ 4+ EX signature. Additionally, we discuss a class of novel
very appealing multi-lepton signatures, which represent a striking prediction of our model. In Section [VI we present
the interplay between the a,, collider, and DM constraints, narrowing the parameter space to a region where all
bounds are simultaneously satisfied. Finally, we summarize our findings in Section [VII]and propose further directions
to explore this model.

1I. THE MPVDM MODEL

In this section we briefly review the main features of the FPVDM model and its realisation in the muon sector, but
we refer to our previous studies [64) [65] for more details.



The FPVDM extends minimally a class of models where the DM candidates are massive gauge bosons associated
with a non-Abelian symmetry group, SU(2)p. These gauge bosons acquire mass through a spontaneous symmetry
breaking mechanism in the dark sector, mediated by a scalar doublet ®p. In this minimal construction, the Higgs
portal is the sole interaction channel between the dark and SM sectors, with DM stability ensured by custodial
symmetry within the scalar sector [66]. In FPVDM scenarios, on the other hand, the quartic interaction in the scalar
sector is assumed to be negligibly small, or even absent at all. The interaction between the dark sector and the SM
occurs via new fermions that transform non-trivially under SU(2)p x U(1)y, and interact with ®p and right-handed
SM fermions sharing the same hypercharge through a Yukawa coupling. The DM stability is ensured by imposing a
global U(1)p symmetry under which only the new fields transform non-trivially. This is necessary because otherwise,
due to the pseudo-real nature of the fundamental representation of SU(2), a further Yukawa interaction involving ®¢,
would be possible, which would break SU(2)p to nothing after @ acquires a vacuum expectation value. Instead, in
the FPVDM the symmetry breaking pattern is SU(2)p x U(1)p — U(1)%, where U(1)%, is associated to the diagonal
generator of the broken group. With the U(1)p phase assignments Yp = % for dark scalar and fermion doublets, and
Yp = 0 for vector triplet, there is still an invariance under the subgroup Zo = (—1)9?, where Qp = T3 +Yp. The
quantum numbers of SM and new particles under the full gauge group of the theory is summarised in Table [l

|SU@)L UQ)y |SU@)b || 22| @b

0
Yol - +1
dp = ( éﬂ_%) 1 0 2 +0
SOD,% +
- +1
U = ¥p 1 Q 2 +
) +| 0
VDiw — | +1
VP = Vi, 1 0 3 +] 0
VB_, - -1

Tab. I. The quantum numbers of the new particles under the Electro-Weak (EW) and SU(2)p gauge groups.
The most general Lagrangian for this scenario takes the following form:

1. . _
ED—Z(Vﬁu)le,wavg + MNP FSM L WiV + |D, @y + |D,®p|* - V(®y, Op)

— (MO M 4y OO p M + he) — Mg OU | (2.1)

where V(@ g, ®p) is the scalar potential and is given by
V(®y,0p) = —p2®5, 0y — nb®5dp + A@L,85)% + Ap(®L,0p)2 + Agp (8L, 85)(0],8p) . (2.2)

Though the potential for the Higgs portal & and ®p could play a vital role in the phase transition, baryogenesis,
and gravitational waves, it is not directly related to the current subject of this study. Therefore, for simplicity, we
consider a minimal scenario where the quartic coupling Ay p is negligibly small. Moreover, the smallness of this portal
guarantees that the SM-like Higgs observables at the LHC remain intact.

Specific realisations of the model can be obtained by assigning the hypercharge of ¥ and selecting which fermion(s)
of the SM are allowed to interact with it. In this paper, we aim to explore the potential of FPVDM to explain the
DM observables and a,, values for both scenarios: (i) the case of an experimental excess over the SM prediction [2], as
indicated by Eq. (1.3), and (ii) the case in which such an excess is absent. To address both scenarios (i) and (ii), we
introduce a dark fermionic VL doublet that couples to the SM muon, ¥ = (¢,,,,,%,/)*. After EW and dark symmetry
breaking, all the new states acquire masses. The new Yukawa term allows a mixing only between the SM and v,
interaction eigenstates, leading to the mass eigenstates p and p’. On the other hand, we can identify the interaction
(¥up) and mass (up) eigenstates for the Zy-odd state. The masses in the muon sector are thus given by

1
mu, =My and m , = 1 y*o? + 0% + 2M2 F \/(y%2 +y2v? + 2M2)2 — 8y2v2MZ | (2.3)

where v and vp are the vacuum expectations values (VEVs) of the Higgs and ®p doublets respectively. The mixing



angles between left-handed and right-handed chiral projections of SM and dark fermions are given by

2 2
m;, —m . m .

sinfp = ”2 MQD and sinf;, = —“ sinfp . (2.4)
me, —mz My,

A mass hierarchy in the fermionic sector of the MPVDM emerges from Eq. (2.3)):
my <My, <my. (2.5)

The two Yukawa couplings i and ¢’ can be determined as functions of the masses and VEVs as:

, \/(m2,me Y(m2 —m2)
y= o N M PR W R (2.6)
Mupv mMupVD
The new fermion sector is completely decoupled in the limit m, = m,,, for which y = ysm = \/i%, y =0,

sinfy, = sinfr = 0, and the pure SM scenario is restored.

In the scalar sector, the two Zs-even physical degrees of freedom that remain after symmetry breaking in the SM
and dark sectors can mix to form the mass eigenstates H (the SM Higgs boson) and Hp (the Higgs boson from
SU(2)D)E|, with masses:

my g, = M+ Apvh F \/()\112 — Apvh)? + A% puPvd, . (2.7)

The mixing angle in the scalar sector is defined in terms of the scalar masses as:

m2, v\ —mZ v\
sinﬁg—\/2 fHp 7 H DD (2.8)
mHD_mH

This mixing angle is a free parameter of the theory, which we will set to zero in the following, corresponding to setting

Agp = 0 in Eq. . Even in the absence of explicit tree-level mixing induced by the quadratic term, the scalars

can still mix at one-loop via their interactions with fermions. The consequences of this loop-induced mixing, which

can also affect Higgs-related observables, are beyond the scope of this analysis and will be addressed in future work.
In the gauge boson sector, the tree-level masses of the SU(2)p vectors read

UD

my =myr = my, = gD7 , (2.9)

where Vp = VP, and V' =V}, following the notation of |64} [65]. At loop level, the mass degeneracy is broken by

the kinetic mixing of v-Z-V"' states, and by the different corrections to the masses of V' and Vp due to the different

particles circulating in the loops. The mass difference between Vp and V’/ due to the one-loop mass correction is given
by

2
2,2 2 2
gpm, me, — mﬂ
myp, — My’ = 32772mHVD < s D) . (2.10)

This radiative mass splitting between the Vp and V' bosons plays a very important role in the determination of
DM relic density and DM indirect detection rates.

From the determination of the spectrum of the model, it is now clear that the only possible DM candidate of the
model is the Zs-odd gauge boson Vp, as it is the only particle which is electrically (and colour) neutral. This also
implies that consistency with the cosmological observations requires m,, > my,,. In the following we will always do
the identification mpy = my,, even when it is not explicitly mentioned.

1 Note that Hp does not carry a dark charge; we simply use this notation to clearly distinguish this Higgs boson from the SM one, H



The number of independent parameters of the model is fixed by the experimental observables, including the masses
of the muon and Higgs boson. In general, there are six free parameters for MPVDM: gp, my,,, Mg, , My, My, , sinfg.
However, since we focus only on the effects of the fermionic portal, we neglect the quartic term in the scalar potential
at tree level by setting sin g = 0. This makes the parameter space under study five-parametric:

9D, Myp, ML, My, and my. (2.11)

The dependent quantities can be written in terms of these parameters as follows:

2 2 2 2
my, g°m 9pMy
v=20"  gp=2—"L A= | Ap=—=2 | Agp=0
g 9o 8myy 8mvp
9 [(mZ,—mZ Y2, ) (2.12)
. gmy mu’ ’ w! 1235} 1235} I3
Y= Vomw mup vy = V2my, ,my, ’

For the numerical results of this paper, the model has been implemented in UFO [67,[68] format through FEYNRULES [69]
and in CALcHEP format [70] through LANHEP [71]. This latter version of the model includes an implementation of
loop corrections, which are necessary for the evaluation of cosmological constraintsﬂ

III. a, IN THE MPVDM
A. Analytical results.

In general, the Standard Model (SM) prediction for the anomalous magnetic moment of the muon can be sep-
arated into three sectors: (1) the pure Quantum Electrodynamics (QED) contribution, (2) the Electroweak (EW)
contribution, and (3) the Hadronic Vacuum Polarisation (HVP) contributionﬁ

The theoretical uncertainties from the QED and EW sectors are negligibly small, while the hadronic contribution
remains the dominant source of uncertainty in the SM prediction. As discussed in Section[[} the comparison between
the latest experimental world average [3] and the updated SM prediction [48] shows no statistically significant deviation
within present uncertainties. However, if one instead adopts the pre-2023 data-driven evaluations of the HVP, the
well-known excess AaXP ~ (2.5 4+ 0.5) x 1072 (corresponding to about 50) reappears. Both interpretations are
therefore of current interest. In the following, we present the predictions for the contributions to a, within our model.
Throughout this analysis we neglect diagrams involving scalar mixing, i.e. we assume sinfg = 0.

2 Both models are available in HEPMDB [72] at the following links: the UFO version at |https://hepmdb.soton.ac.uk,/hepmdb:1025.0355
and the CALCHEP version at https://hepmdb.soton.ac.uk/hepmdb:0322.0335.

3 We adopt the SM prediction based on the 2025 Muon g—2 Theory Initiative update [48], which uses a lattice-informed HVP evaluation.
Independent lattice calculations from the BMW collaboration [33] and from the Fermilab/HPQCD /MILC collaboration [35] are consistent
within uncertainties, lending confidence to the lattice-based result. The earlier data-driven dispersive evaluations yield a smaller HVP
contribution and therefore a lower total SM prediction.
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Fig. 1. Diagrams contributing to a, in the MPVDM. Those involving only SM particles provide a new physics contribution
through the muon mixing angles.

The loop diagrams from MPVDM at the leading order are depicted in Fig. The general formulae to compute
the contribution of NP at leading order are well known from established literature [73], [74], which we report here for
completeness.

The contribution from diagrams involving a neutral scalar S and a muon or muon partner f is given by:

s m2 ! Cg(:vQ(l—i-%)—x3)+0123(mf—>—mf)
Qr 2

= 3.1
r 8 Jo m2a? + (m3 —m2)r +m3(1l - x) ’ (3:-1)

a
m

where C's and Cp are the scalar and pseudo-scalar couplings in the scalar-fermion-fermion vertices and mg represents
the scalar mass (H or Hp).

If f =y (Fig. and m, < m,, the integration leads to:

2
ore,n_ (C&=CF)  myumy 4 2.2 4 4 mg My
al®[Sp'] = 672 (2, — m3) my, — 4mg,mg + 3mg — 2mg log m, +0 n, | (3.2)
while when f = p (Fig.[1D)), and in two opposite limits, the integration simplifies to:
O] m, 2 2 2 2 my mﬁ
30% — C? m;
. (b) _ S P ©
mg K my,: a)[Syl=—"—+0|— (3.4)
K " 1672 m%

By substituting the expressions of the couplings from Table [[V] provided in Section [A] we obtain the contributions
from all particles in loops for MPVDM. If is convenient to define the following mass ratios:

. m _ mHD _ _m
= s D = R e = Turn = (35)

w!

mMD

_mg x _ _ mg _ MHp = _ MHp
TH = m, TH = my THp = m, yF'Hp = m, (36)



With these definitions, and in the limit of small 7, and thus small rr, the contributions from a,(f) read:

2 .2 2 4
(a) H n _ ngH 2 2 1_4TH+TH(3_4IOgTH)
a W= ro(l—rg) X , (3.7)
1 [ } 647T2m‘2/v I D (1 — T?_I)?’
2,2 2 4
" gHm 1—4ri +ry (3—4logry,)
al [Hpp'] = _W x (1 —rH)?* x D a — E = (3.8)
Vb Hp

Both contributions in Egs. and || can be factorised into three components. The first is proportional to mi
over the square of the gauge boson mass associated with the scalar’s gauge group (either my, or my,, ), multiplied by
the respective gauge coupling. This term is always positive and sets the overall scale of the contribution. The second
factor, which depends on fermion mass ratios, is also always positive. Crucially, this factor is significantly larger for
Hp than for H, since the H contribution carries an additional suppression by r < 1. Therefore, the dark Higgs loop
typically dommates in magnitude - although it contributes with a negative sign due to the overall minus in Eq. ( .
The third factor is a loop function of the scalar-to-fermion mass ratio; it is always positive and decreases rapidly with

increasing scalar mass, as shown by the blue line in Fig. [2}

10 e e
I 5-14r2+3r4(13+12l0gry)-38rS+8rS
L 2\4

sl ; (l—r—z—) _______________
L | ' -
I D
F ‘,’

6 /3 i

L

3 4 4.6
2L
I 1- 23__/ -
( rV) | 12logry-7

1—4r5+rs (3-4logrs)

(1-r8)’

0.01 0.10 1 10 100

Fig. 2. Loop functions appearing in the scalar and vector contributions to a, in the MPVDM. The blue line corresponds to
the contribution from scalar-y’ loop. The brown line shows the loop function for scalar-u loop. The red line corresponds to the
V'u’ loop contribution, the green line to Zu’, and the olive line to V'u. When relations are valid only in specific limits (see
text), the regions where the limit is not achieved are represented by dashed lines. The range of rv,, and 7y is strictly bounded
between 0 and 1 due to the model hierarchy: my, < mv, <mu, <m,.

Moving to the all contributions, still in the limit of small 7, we obtain:

m
®) [ ] 1 Fvmi (1-7p)? « 12logry — 7 (3.9)
G HEHINP= 64m2m3, 2, 72 ’ ’
1 gim? 12log 7y, — 7
Oy s _ - _JID"n 1 — 722 D 3.10
M [ D/J/}m“<<mHD 3 647r2m%/D X ( TD) X — T_%ID s ( )
2.2
gEm
P [Hp sy, <m,=3——— x (1—15)%, (3.11)

2,2
64 my,,

where in a,(f) [Hplnp we have subtracted the pure SM contribution to isolate the new physics terms. These contri-
butions differ by their numerical prefactors, which can enhance or suppress them relative to one another. The first
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factors in all three expressions are structurally analogous to the aff) case. The ratio between the H and Hp contribu-
tions in the second factor is proportional to 1/ (r%,(1+rp)?). This ratio is large for small 7, drops below unity for
rp > (v/5 —1)/2, and approaches 1/4 in the decoupling limit 7p = 1. The third factor, involving the scalar-to-muon
mass ratio, takes a definite numerical value in the case of the H contribution, approximately 5.56 x 107>. For the
Hp contribution, this factor is always positive in the limit mg,, > m,, as shown by the brown line in Fig. @

The contribution from diagrams involving a neutral vector V' and a muon or muon partner f is given by:

m2 m 2 m2 m
,om2 Cct {x(l—x) (x—?—k%f}f)—%n‘;v <x3 (m—i—l) + 2? (m—é—l) (1—m}f)>} + Ch(my — —my)
a, =+ dx

P Ar f, m2a? + (m% —m2)z +m (1 - 2)

(3.12)
where Cy and C4 are the vector and axial-vector couplings in the vector—fermion—fermion vertices, and my is the
mass of the gauge boson circulating in the loop (Z, V', or Vp).

If f=p or up and V =V’ or Vp (Figs. [Id and [1d), the integration gives:

CZ —C?) m,m m
(c.d)y/ :( \% A v f 6 1 3m2md (1= 41 f _ 4m8
a,, [ f] 16n2 m%/(m?c — m%/)3 my + 3mymy og —mv my,
(C¥ +C3) m;, 8 6.2 44 my 2 6 8
— 5 — 14 3 13 — 121 — — 38 8
1372 m%/(m? — m%/)‘l my memy, -+ m ey, og — mymy, + smy,

4 2
+0 <m§;) +0 (’”g) , (3.13)
My My

where it is notable that the contribution proportional to C% + C% appears only at second order in the m,, expansion.
When f = u (Fig. , the integration yields:

my, K my : aff) [V = W:% +0 (:%) , (3.14)
. (e) _ i 2 2 - ﬁ . my @
my <my,: a, [V,u]787r2 <CV+C’A (5 2m%/ 4log <mv>>>+o<mﬁ> . (3.15)
We now define the following mass ratios relative to the vectors:
rz = ::ff, , Ty = :2’,’ s Tvp = % , Ty = %‘: (3.16)

With these definitions, and substituting the relevant couplings from Table the aEf) contributions in the small
7, limit are:

1 ghm? 5— 1412 + 3r, (13 4 12log rz) — 3875 + 8%
c n__ 1 2 2 Z Z Z Z
a'l(i)[ZM]776647T2m%V T/L(l 7TD) X (1 —7"%)4 ) (317)
2 2 4 6
Ao 9D, 9 14 3ry. (1 +4logry:) — 4ry,
0 VW= Gz, % (L= 7D) 0= ' (3.18)

The structure of these expressions mirrors that of the scalar contributions. The first factor is analogous, while the
Z loop is further suppressed by ri compared to the V' loop. This suppression reflects the fact that the leading Z
contribution arises only at second order in m,,, being proportional to C’% + C%. The loop functions in the last factors
depend on rz and 7. These functions are shown in Fig. [2 where the V' case is represented by the red line, while
Z case is presented by the green line. For the Z loop, only the region with m,, > my is relevant, due to collider
bounds on Zs-even muon partner masses, discussed in Section [V] Both functions are strictly positive, making the
Z contribution negative and the V' contribution positive. Moreover, the loop functions are always larger than one,
leading to an overall enhancement of the vector contributions.

Moving to the aLd) contribution, we obtain:

1 g5pm? 1+3rf (1+4logry,) — 4rd
DVpupl=z —2—H_ x (1 —r? VD D Vo 3.19
@ Vouo] 2 64r2m?,_ x (1=rp) x (1—r2 ) (3.19)
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This contribution is always positive and becomes bigger with my,, decrease and/or with 7y, increase, see the red line
in Fig. 2

The next set of contributions comes from a,(f):
4 g2m?
()7 __ = 9wy 401 _ .22
a pnp xri(1—1H)7, (3.20)
" 364m2mZ, ~
4 g>m?
(e)[vl __ > JD"p 22
ap [V iy, <my x(L=rp)”, (3.21)
" pTY 3 64m2mi,
gbm;
e [V il = oy o (1 —12)? x (1= (34 2logFy:)i%) (3.22)
m2m3,

where in the Z loop we have subtracted the SM contribution. These contributions are always negative. The behaviour
of the third term in Eq. (3.22) from V' loop is shown by the olive line in Fig. [2l The Z loop is further suppressed by
a factor of r;‘; compared to the V' loop.

Finally, the contribution from the charged current in aLf ), involving W and a neutrino, is given by

C2+C%2 5m?
aV = v A2 H

3.23
H 4m2 6 m2, ’ ( )
which, after substituting the couplings and subtracting the SM piece, becomes:
5 g2m?
f _ W' 4 212
GL )[WV]NP——EM X T‘H(]. — T'D) y (324)

a result that is extremely small, even if the two muon partners are nearly degenerate.

The above expressions provide analytical insight into new physics contributions across wide regions of the parameter
space. In the next section, we present numerical evaluations based on full integration of the loop expressions to
accurately capture intermediate regimes and subleading effects.

B. Numerical analysis

The contributions to a, from MPVDM interactions can be either positive or negative, depending on the interplay
between the new gauge, scalar, and fermion sectors. To reproduce the experimental result in the tension scenario,
a net positive contribution is required, whereas in the compatibility scenario the total contribution must remain
within the uncertainties of Eq. . We performed a detailed numerical scan of the five-dimensional parameter space
{9p,mv,,mu,, mu,mpg,} within the following ranges:

107" < gp <4,
0.01 GeV < my, <10 TeV,
max (100 GeV,my,,) < m,, <10 TeV,
max(100 GeV,m, ) < m, <10 TeV,
0.01 GeV < my, < 10 TeV. (3.25)

The upper limit on the coupling gp guarantees perturbativity, while the lower limit prevents an unrealistically
large relic density that would result from very small couplings. The maximum mass of 10 TeV ensures that the
model remains numerically stable within the perturbative domain. The lower bounds on the vector-like muon masses,
my,, and m,, are based on the LEP L3 search for heavy leptons [75], which imposes limits around 100 GeV. The
corresponding LHC limits, relevant for this study, will be discussed in Section [V Alin the context of pp pair production,
leading to a ptu~ + EWSS signature.

The theoretical perturbativity and consistency requirements imposed on the scanned points are

my, —my

{IMNAp,y,y'} <4, < 0.5, (3.26)

myp

4 The full expression for the loop with a generic charged vector and neutral fermion is given in [73]. We do not reproduce it here since
there are no new charged vectors or heavy neutral fermions in the MPVDM.
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where my,, and my are the one-loop renormalised vector masses. These constraints prevent extreme mass splittings
or non-perturbative couplings that could compromise the consistency of the model.
To compare the NP contribution with the experimental measurements, we define the dimensionless quantity

) AaNP _ AaEXP,i
Adl, = —* o (3.27)

)
0

where the index ¢ = t, ¢ denotes the tension and compatibility scenarios, respectively. For the tension scenario, we
adopt AaPXP:t =249 x 107! and o; = 48 x 107!, corresponding to the 2023 experimental-theory comparison given
in Eq. (1.3)). For the compatibility scenario, we follow the 2025 interpretation discussed in Section [ and require that
the NP contribution remain within the combined uncertainty, taking AaEXP’C =38 x 107" and 0, = 63 x 107! as
specified in Eq. . This criterion tests the model’s compatibility with the SM—experiment agreement rather than
reproducing a non-zero central deviation.

1. Tension scenario

In this subsection we investigate the parameter space of the MPVDM model corresponding to the "tension" inter-
pretation, where the experimentally measured value of a,, exceeds the SM prediction by AaEXP defined in Eq. by
around 5o. The impact of the new physics parameters is visualised in Fig. [3l The colour map in Fig. a,b) shows the
deviation parameter Ad,, (defined in Eq. (3.27)) projected onto the (my,,gp) and (my,,m,,) planes. The points
displayed satisfy the perturbativity criteria of Eq. and reproduce the experimental value of a, within 5o.

10!

10* 4

10°

my, (GQV)

1072 107! 10° 10? 102 10° 10*
my, (GeV)

(a)

Fig. 3. Colour map of Ad, (from Eq. (3.27)) obtained from a five-dimensional scan of the parameter space (Eq. (3.26)),
projected onto the (mv,,gp) plane. The selected points reproduce the experimental value of a, within 50. Perturbativity
constraints from Eq. (3.26]) have been applied.

The model predicts that a, scales approximately as 73 /m%,D, consistent with the analytical expressions derived
earlier. Points with A, ~ —5 (corresponding to a,, close to its SM value) appear in the dark-blue region of Fig. (a,b),
where both my,, and the masses of the vector-like muons my,,,,m, are large (above a few TeV). In this regime, the
NP contribution decouples and becomes negligible. The lighter, red-to-yellow regions indicate where the MPVDM
contribution grows large enough to reproduce the experimental excess.

Of particular interest is the narrow band where |Ad,| < 2, corresponding to agreement with an excess at the 95%
confidence level. This region, which successfully explains the a, anomaly, follows the relation my, /gp ~ 100 GeV.
The five-dimensional scan thus provides an important qualitative understanding of how the relevant observables
depend on the MPVDM parameters and helps to identify the viable regions that can explain the measured excess.

To see the detailed numerical dependence, we examine ACLEP as a function of my,, for fixed values of other param-
eters. The result is shown in Fig. [} where the dark matter mass my,, varies from 0.01 to 100 GeV,m,,,, = 800 GeV,
my = 1000 GeV, and mpy, = 0.677 GeV, using several values of gp € {0.001,0.003,0.005,0.01,0.1,1}.

In this figure, the dotted, solid, and dashed blue lines correspond to Aaﬁp = {AaEXP — 20, AaEXP, AaEXP + 20},
respectively. These blue lines form the 95% CL band inside which the MPVDM model reproduces the experimental a,,
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....... A(IDIP — AGSXP — 9%

- NP _ A ,EXP
Aa,” = Aay,

1078 E ——— Aa,}fp = A(LEXP + 20
& —— gp =0.001
<@] — gp = 0.003
gp = 0.005
10725 — gp=10.01
gp =0.1
gp =1
—-10
T R 100 10! 10°
my, [GeV]

Fig. 4. Aagp versus my,, for different values of gp. The dotted, solid, and dashed blue lines correspond respectively
to Aap” = {Aa X" — 20, Aaf*F Aa X" + 20}. Here we choose gp € {0.001,0.003,0.005,0.01,0.1,1}, m,, = 800 GeV,
m, = 1000 GeV, and mpy,, = 0.677 GeV, one of which corresponds to the benchmark point in Table m

data. The parameter space given by the intersection of these lines with the blue band reproduces the experimentally
measured value of a,, in the "tension" assumption.

For comparatively large m,,, and m,  around the TeV scale (motivated by collider constraints), the dark matter
mass is limited from above by perturbativity on gp. For example, from Fig. [4] one can see that my, ~ 100 GeV
requires gp ~ 1, while for my,, ~ 1 GeV, gp ~ 0.01 suffices to match a, data. The 1D dependence also reveals the
role of the mass ratio rp = m,,, /m,s. As m, increases, rp decreases, and since Aay " o (1 —r%), this enhances a,,.
For instance, a small decrease in rp from 0.94 to 0.80 requires an increase of my, from about 0.14 GeV to 0.25 GeV
to maintain the same Aaq,,, illustrating the (1 — %)) scaling discussed analytically.

2. Compatibility scenario

The updated 2025 Muon g — 2 Theory Initiative [48] has shown that the SM prediction for a, agrees with the
experimental world average within the combined uncertainty. In this subsection, we explore the MPVDM parameter
space corresponding to this scenario, in which Aa}jp must remain small enough not to spoil the SM—-experiment
consistency. We retain the same five-dimensional parameter scan as in the tension case but restrict to points that
satisfy |Aa,| < 5.

The qualitative structure of the parameter space remains similar to the tension case but shifts toward the decou-
pling regime, where the NP contributions become negligible. The dark-blue region observed in the tension scenario,
corresponding to a —50 downward deviation of a, from the SM value, is absent here. While such a suppression could,
in principle, occur in the presence of destructive NP interference, the FPVDM model cannot reproduce this behaviour.

Most of the parameter space visible in Fig. a,b) is consistent with the SM prediction, as expected in this scenario.
It is represented by the green region corresponding to |Ad,| < 2. This regime is realised for my, /gp 2 1000 GeV
and/or for large values of m,, and m, , where the NP contributions are strongly suppressed due to their 9% /m%/D
scaling. As in the previous case, lighter my,, values require smaller couplings to remain compatible with the 2¢
constraint.

This demonstrates that the MPVDM model naturally accommodates the compatibility scenario without fine-tuning,
as the NP effects automatically decouple when the new states are heavy and/or when my,, /gp is sufficiently large.

The boundary of the parameter space excluded at the 95% CL (corresponding to a +20 excess) follows the same
approximate my,, /gp scaling as in the tension case. For my,/gp > 1000 GeV one observes +20, +30, and +50
deviations, which are disfavoured in the compatibility scenario.

In conclusion, both the tension and compatibility scenarios can be realised within the MPVDM framework, depend-
ing on the choice of parameters. The model remains flexible enough to reproduce the earlier a, anomaly or to comply
with the latest experimental-theory agreement. In the next section, we will investigate how these regions intersect
with cosmological and collider constraints, providing a comprehensive view of the allowed parameter space.
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Fig. 5. Colour map of Ag, (from Eq. (3.27)) obtained from a five-dimensional scan of the parameter space (Eq. (3.26])),
projected onto the (mv,, gp) plane. The selected points reproduce the experimental value of a,, within 50 under the assumption
of no a, excess. Perturbativity constraints from Eq. (3.26]) have been applied.

IV. COSMOLOGICAL CONSTRAINTS

In this section, we discuss the cosmological implications of the MPVDM model, focusing on the dark matter (DM)
relic density, as well as the constraints from direct and indirect detection experiments. We have performed a scan
of the model parameter space as described in the previous section and applied the latest experimental limits. All
relic density and detection rate calculations were performed using the CALcHEP version of the model (see end of
Section [lI) in the MICROMEGAS v6.2.5 package [76], following the same methodology as in our previous study [64].

The dark matter relic density is compared against the PLANCK measurement [I],
QFlanckp2 — .12 +0.001 , (4.1)

and we consider as viable all parameter points that yield Qpyh? < leﬁanhz. Underabundant points are interpreted
as scenarios where MPVDM dark matter constitutes only a fraction of the total DM relic abundance.

In the MPVDM framework, the dark vector boson does not couple directly to light quarks or gluons at tree
level. However, loop-induced interactions between v(Z) and Vp are generated through kinetic mixing and triangle
diagrams, as derived in [64], whose results we adopt here for the MPVDM realisation. These interactions mediate
spin-independent scattering of DM off nuclei, allowing comparison with direct detection (DD) searches.

We evaluate DD constraints including the latest LUX-ZEPLIN (LZ) 2024 limits [77], based on 4.2 tonne-years of
exposure. Earlier results from LZ [78], XENONIT [79], and PANDAX [80] are also included for completeness but
are superseded by the most recent LZ constraints. Additionally, the DARKSIDE and CRESST-III results probing
sub-GeV DM masses are included, as they constrain the light DM regime not accessible to xenon-based experiments.

In this model, DM—nucleon scattering arises entirely from loop-induced processes, dominated by triangle diagrams
and V’'/Z/~ kinetic mixing. The corresponding low-energy interactions can be effectively described by the VpVpZ
and VpVp~y vertices, with momentum-dependent form factors computed in [64] 65]. In particular, the evaluation of
spin-independent DD rates from the VpVpy vertex is non-trivial, since this coupling induces a long-range force leading
to divergences in standard MICROMEGAS routines. To handle this properly, we employ the DD_pval routine, which
calculates the probability that the predicted DM signal is consistent with experimental data, taking into account
background fluctuations. Parameter points with DD_pval < 0.1 are considered excluded at the 90% confidence level
(CL). We also use the DD_factor routine, which determines the multiplicative factor by which the predicted DM-
nucleon cross section would need to increase to reach the 90% CL exclusion limit. This exclusion factor provides a
quantitative measure of proximity to current experimental sensitivity.

The indirect detection CMB constraints are evaluated using the PlanckCMB(sigmaV, SpA, SpE) subroutine. Con-
straints derived from PLANCK data rely on the fact that DM annihilation into Standard Model (SM) particles can
inject significant energy into the photon—baryon plasma during recombination. The resulting energy deposition mod-
ifies the ionisation history and the CMB anisotropy spectrum, leading to an upper bound on the DM annihilation
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power [1]:
PLANCK _ g cm® 9% C _ Z f;ff<0”>j Qv \°
Pann < Pann =32x10 S(}W at 95% .L.7 where Pann = . p— leﬁnck . (42)

Here, (ov); is the thermally averaged annihilation cross section for channel j, and f]‘?ff denotes the fraction of the

annihilation energy absorbed by the plasma for that channel, studied in [81}[82]. The factor (Qpy/QERPK)2 accounts
for the reduced annihilation rate when the relic abundance of MPVDM dark matter is below the observed value.

—— gp = 1.53, My, = 10 GeV
—— gp =0.09, My, = 4.4 GeV
--------- T = 0.26 eV (CMB /decoupling)
--------- freeze-out for My, = 10 GeV
-------- freeze-out for My, = 4.4 GeV
CMB PLANCK limit
CMB PLANCK limit/f_eff(0.19)

~

= —26 ] &
§ 10 | Mpar = 2 GeV, my,, =800 GeV, m,, = 1000 GeVl
\ i
=
S

10284 . .
10! 104 107 101
Mpy /T

Fig. 6. Evolution of the thermally averaged annihilation rate (ov)/mpwm as a function of mpwm /T from the freeze-out epoch
to the CMB epoch for representative MPVDM benchmark points. See text for a detailed description of the curves.

In the MPVDM model, the low-mass annihilation VpVp — V'V’ receives contributions from multiple topologies,
including s-channel scalar exchange via H and Hp as well as t/u-channel vector exchange. A potential near-resonant
enhancement is also possible, controlled by the condition 2mpy ~ mp,, which produces an important kinematical
effect that suppresses the annihilation rate at the CMB epoch, as discussed below.

For DM masses around or below 10 GeV, a pure s-wave annihilation mechanism is excluded: the annihilation rate
that determines the relic abundance at freeze-out remains essentially unchanged at the CMB epoch, so (ov)/mpy
stays large and violates the PLANCK bound. However, in the resonant annihilation case the situation is drastically
different. If 2mpy lies slightly below my,, the thermal motion of DM at freeze-out shifts the center-of-mass energy
onto the resonance, enhancing (ov). At the CMB epoch, when DM velocities are much lower, the system moves off
resonance and (ov) is suppressed by several orders of magnitude. This near-resonant regime typically requires 2mpy
to be below about 10-20% of my,, and does not involve any fine-tuning of parameters. Consequently, (ov)/mpy can
drop dramatically between freeze-out (mpy /T ~ 10) and the CMB epoch (mpy/T ~ 10'°), as illustrated in Fig.

The red solid line in Fig. [6] corresponds to an off-resonant configuration with (mpwm,mm,) = (2,10) GeV, where
(ov) /mpMm remains nearly constant over time and exceeds the CMB limit (orange dashed line). In contrast, the blue
solid line shows the near-resonant case (mpm,mu,) = (2,4.4) GeV, where (ov)/mpy decreases by about four orders
of magnitude between freeze-out and the CMB epoch, falling well below the PLANCK upper bound once divided by
the energy-injection efficiency factor feg = 0.19.

This resonance-driven kinematical suppression mechanism provides a generic way to evade the CMB constraint,
allowing even sub-GeV dark matter to remain consistent with cosmological observations while reproducing the correct
relic abundance. In the MPVDM and similar near-resonant scenarios, the suppression arises simply because the dark
matter temperature follows that of the Standard Model plasma: as the Universe cools, the dark matter velocity
distribution shifts to lower values, moving the annihilation process progressively off the resonance. This happens
without any need for early kinetic decoupling or additional model-dependent effects. In contrast, the “belated freeze-
out” picture of Ref. [83] relies on dark matter decoupling kinetically from the plasma and cooling faster than the
CMB, with ultra-narrow Breit—Wigner resonances required to maintain a sufficient suppression at late times. While
Ref. [83] also noted that off-resonance annihilation at recombination can reduce (ov), we find that this purely thermal
and kinematical detuning—without invoking ultra-narrow widths or early kinetic decoupling—is already sufficient to
satisfy the PLANCK bound once realistic final states and energy-injection efficiencies are included. The MPVDM
realisation explicitly illustrates this behaviour, highlighting a generic, previously overlooked near-resonant regime in
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which standard thermal dark matter can evade CMB constraints purely through its temperature-driven kinematical
evolution, an essential feature of the MPVDM framework in the light dark matter regime.

@ generic DM annihilation @ overabundant DM region
H resonance region excluded by CMB DM ID

@ Mp co-annihilation region @® excluded by DM DD

@® underabundant DM region
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Fig. 7. Results from the 5D scan in different projections: (a) (mvy,,gp), (b) (mup,90), (¢) (mvy, mup), and (d) (mu,, mvy)
planes, respectively. The perturbativity and cosmological constraints have been applied on each individual panel. The cosmo-
logical limits include (1) DM relic density, (2) DM DD, and (3) DM ID. The allowed regions are coloured green, cyan, blue,
and grey, while the excluded ones are highlighted in dark red, orange, and magenta. The white region corresponds to violation
of the perturbativity constraint.

In Fig. [7] we show the regions allowed or excluded by various observables in 2D planes corresponding to different
projections of the model parameter space. The green, cyan, and blue regions are allowed by perturbativity, DD,
and ID constraints and yield a relic density QFPlanckp2 +0.012. The grey region also satisfies these constraints but
corresponds to an under-abundant relic density. In contrast, the dark red, orange, and magenta regions are excluded
by the relic density, CMB ID, and DD limits, respectively. The green region, labelled as generic DM annihilation,
appears as a small diagonal strip in Fig. Eka), where the dominant annihilation channels are Vp V7 — V'V’. However,
these generic DM annihilation processes are not efficient enough and are excluded by the DM ID constraint in the
region of small DM masses below 1 GeV and small couplings gp < 0.02. One can see that the green strip is not
uniform over the range 1 < my, /GeV < 10%, especially in the region 10 < my, /GeV < 100, where the DM DD
constraint becomes relatively stronger. Regions above (below) the green strip correspond to over- (under-) abundant
relic densities, indicated in dark red and grey, respectively. The cyan region corresponds to the Hp resonance region,
where the main annihilation channel is VpV}; — Hp — V’V’. This occurs when the DM mass approaches half of
my,. The resonance appears as a diagonal cyan strip in Fig. EKC)

Finally, the blue region corresponds to the up co-annihilation region, which occurs when the DM mass approaches
mu,, as seen in Figs. El(b) and (d). The co-annihilation process becomes significant when the DM mass reaches
~ 100 GeV (the lower limit for vector-like muons from LEP). For small couplings gp < 0.1, co-annihilation proceeds
mainly via upup — qq,{T¢~,vv through photon and Z exchange, which is independent of gp and occurs in the
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region 100 < my,, /GeV < 300. When the coupling gp increases, the dominant channel shifts to Vpup — yu, yu' via
uor p exchange.

V. COLLIDER CONSTRAINTS

In this section, we discuss collider limits on the MPVDM model based on LHC data by reinterpreting ATLAS
and CMS searches in the context of vector-like (VL) muons predicted by the MPVDM model and also highlight the
novel multi-lepton signatures with up to six or more muons in the final state. Finally, we present representative
benchmark points (BPs) that satisfy all relevant constraints, including a,,, cosmology, and collider limits, and provide
the corresponding branching ratios, production cross sections, and expected event yields.

gp=0.01 my=1TeV my,=1TeV 9gp=0.01 my=1TeV my,=0.1GeV
100 § 1004
3 3
O 10 S 1
N g
3 3
14 14
| : : l Search with best SR
1 100 200 400 600 800 1000 1 10 100 200 400 600 800 1000
my,(GeV) My (GeV) atlas_susy 2018_06
atlas_susy 2018_32
9p=0.001 my=1TeV my,=0.1GeV gp=0.01 my=2.0TeV my,=0.1GeV cms exo 19 002
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Fig. 8. Mass limits in the (m,,mv,) plane for pp — phuy — ptp™ + ERss based on a recast of ATLAS and CMS
searches. Simulations have been performed for gp = 0.001,0.01, m,, = 1000,2000 GeV, and mz, = 0.1,1000 GeV. The dark
blue line indicates the exclusion limit at 95% C.L., and the dotted lines show the ratio of the up decay width to its mass. The
background colour indicates the search providing the most sensitive signal region that determines the exclusion limit. The area
where non-perturbative couplings are obtained is shaded in orange.

A. Lower mass limits on vector-like muons from pp — pp~ + EiRiss

Vector-like muons /f{,,uz) are produced at the LHC via ~, Z, and V' exchange. The first two channels dominate
because pup carries the same hypercharge as the SM muon, while production via V' is highly suppressed by the small
kinetic mixing. After production, each pup decays entirely into a SM muon and a dark vector boson Vp through
Yukawa-induced mixing between SM and VL muons.

Other processes, such as pair production of p’ or pair and associate production of Hp and V' do not give competitive
bounds with respect to the aforementioned process using the searches currently available at the LHC: the former
because of the hierarchy between masses in the fermion sector, which force p’ to be the heaviest of the three fermions,
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thus making the cross-section for pair production always smaller than the one of pup (but see next section for the
possibility of striking signatures from this process which can be probed at the HL-LHC), the latter again because of
the smallness of the cross-section (see also our previous studies [64] 65]).

To obtain LHC limits on our model we reinterpret an ATLAS search for slepton pair production, ATLAS-SUSY-
2018-32 [84], pp — ¢ — pp~ 4+ ERSS | as constraints on the analogous MPVDM process pp — ,uj{)uB — pt T 4 ERss,
Furthermore, we recast searches featuring multi-leptons and E* in the final state, namely CMS-SUS-16-039 [85],
desigend to target electroweakinos, and CMS-EX0-19-002 [86], targeting type III see-saw and top-philic scalars, which
are sensitive to our signal, especially in the low mass region. By recasting these analyses, we derive exclusion regions
at 95% C.L., which allow us to set a lower bound on the VL muon masses.

The signal has been simulated using MG5_aMC [87] using the UFO version of the model (see the end of Section

and the LO NNPDF4.0 parton distribution functions [88],[89]. To account for finite widths and interference effects, the
simulations have been performed without imposing that up is resonant, but going directly to the u™u~ + 2Vp final
state. The showering and hadronisation of the parton-level events have been performed through Pyruia8.2 [90]. The
recast of experimental searches has been done through the MapAnarysis 5 framework [9TH93|, which internally takes
care of the detector effects through DerpHEs 3 [94]. The recasts of the experimental searches used in this analysis are
available in the MapAnarysis 5 Public Analysis Database.
The results of the recast are shown in Fig. [§ in the (m,,,my,) plane for representative parameter choices gp =
0.001,0.01, m,s = 1000,2000 GeV, and mg,, = 0.1,1000 GeV which broadly cover the coupling and mass spectrum.
In the phenomenologically interesting region with my,, < 1 GeV, the lower bound on the vector-like muon mass is
at least approximately 850 GeV, but large-width effects can significantly raise the limit for lower Vp masses. These
effects, which start to be significant when 'y, /my, exceeds 2%, depend on the gp coupling: this is clearly visible
by comparing the top-right and bottom-left panels of Fig. |8] which only differ by the value of gp. The mass of Hp
does not affect these bounds, since in our full 2— 4 simulations of pp— uTu~VpVp, the scalar Hp contributes only
through suppressed topologies that do not originate from the genuine 2 — 2 production process. These configurations
correspond effectively to 2 — 3-type processes, where Hp is radiated from internal pup, V’ or Vp lines, and therefore
have a negligible impact on the total rate.

This bound is always driven by the slepton search [84], which loses sensitivity around m,,, = 100 GeV (corresponding
to the LEP limit [75]). The low mass region (indeed excluded by LEP) is however also excluded by the CMS multi-
lepton searches [85] and [86]. As it is always the case in models which feature a t-channel mediator decaying to
a SM particle and missing transverse energy, the small mass-gap region between pup and Vp is not excluded due
to the softness of the SM objects in the final state, which sizably decreases the sensitivity of searches looking for
Emiss excesses. We finally notice that the LHC bounds always exclude regions where the Yukawa couplings become
non-perturbative, making the recast results robust against higher-order corrections in the new couplings of the theory.

B. Multi-lepton signatures

The MPVDM model predicts striking multi-lepton final states, which provide distinctive signatures for collider
searches. At the LHC, multi-lepton events can arise from the pair production of heavy vector-like muons u'*p'~.
Each u' can decay through several channels:

L.y — upVp,
2. 4 — pHp, and
3.4 — uV'.

The scalar Hp further decays into VpVj, V'V’ or utu~, while V/ subsequently decays into a muon pair. These
cascades lead to final states with at least six muons.

Table [[I| summarises three representative benchmark points (BPs) that reproduce the measured relic density, satisfy
DM direct and indirect detection bounds, and remain consistent with the a, constraint under the tension scenario.
These benchmarks can also describe the compatibility scenario with minor parameter adjustments: reducing gp for
fixed my,, or slightly increasing my,, for fixed gp preserves both cosmological and collider consistency. We compute
the total production cross sections and expected numbers of events at /s = 14 TeV and an integrated luminosity
of 3000 fb~! for final states containing six, eight, or ten muons. The cross-sections reported in Table [II| have been
computed using CALCHEP [70].

The probabilities for obtaining six, eight, and ten muons from p/*p'~ production are approximately 23-29%, 7-11%,
and 1-2%, respectively. At /s = 14 TeV and an integrated luminosity of 3000 fb~!, this corresponds to 8-44 six-
muon events, 2-17 eight-muon events, and up to about 3 ten-muon events across the three benchmark points listed
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Inputs/Observables ‘ BP1 BP2 BP3
gD 0.003 0.003 0.003
mv, [GeV] 0.28 0.28 0.28
My, [GeV] 900 900 1000
my [GeV] 1100 1200 1400
mup [GeV] 0.677 0.677 0.677
| my [GeV] | 0.276 0.271 0.264
Br(p' — V') 0.401 0.342 0.318
Br(y' — Hpp) 0.388 0.319 0.282
Br(y — Voup) 0.211 0.339 0.400
Br(Hp — Vb V) 0.640 0.612 0.575
Br(Hp — V'V") 0.353 0.375 0.409
Br(Hp — ptp™) 7.80 x 1073 1.31 x 1072 1.54 x 1072
| Br(V/ = ptu) | ~1 | ~1 | ~1 |
| Br(up — Vbp) | 1.0 | 1.0 | 1.0 |
| crot(pp = p'1t) [fb] | 510x107 | 3.00x1072 | 1.09x107% |
Br(i — p+ VpVp) 0.459 0.534 0.562
Br(p' — 3u) 0.404 0.346 0.322
Br(u' — 5u+ VpVp) 0.137 0.120 0.116
P(i' i — 6p) 0.289 0.248 0.234
P(u' i — 8p) 0.111 0.083 0.074
P/ i’ — 10p) 0.019 0.014 0.013
Nevent (pp — 612) 44.2 22.3 7.6
Nevent (pp — 811) 16.9 7.5 2.4
Nevent (pp — 1012) 2.9 1.3 0.4

Tab. II. Decay channels and corresponding branching ratios of u’, V', and Hp for three representative benchmark points.
The event numbers are computed for an integrated luminosity of 3000 fb™' at /s = 14 TeV (HL-LHC nominal value). The
listed probabilities P(u' i’ — nu) correspond to inclusive muon multiplicities accounting for all combinations of single-u" decay
topologies.

in Table [II} Since the scalar Hp and its decay products (Hp — V'V’) are highly boosted, the resulting muon pairs
become collimated and may appear as merged muon jets, requiring dedicated reconstruction strategies.

For very heavy p/, e.g. m, > 1.5 TeV with m,, = 750 GeV, radiative corrections can drive the dark photon
mass below the dimuon threshold, my+ < 2m,. In this case, V' becomes long-lived and decays predominantly to
ete™ (~30%) and to three neutrino pairs (~70%), producing even more exotic final states that mimic lepton-flavour-
violating signatures through kinetic mixing effects.

In general, the MPVDM model predicts several novel and experimentally distinctive collider signatures that set it
apart from other dark-sector scenarios:

1) Two isolated prompt muons accompanied by two pairs of boosted muons from two V' decays (six muons in
total);

2) Two isolated prompt muons accompanied by one pair of boosted muons from V’ decay and one cluster of four
boosted muons from Hp — V'V’ (eight muons in total);

3) Two isolated prompt muons accompanied by two clusters of four boosted muons (ten muons in total);

4) Two isolated prompt muons accompanied by four merged displaced electrons from long-lived V' decays (two
muons plus four electrons);

5) Two isolated prompt muons accompanied by two clusters of four displaced boosted electrons (two muons plus
eight electrons).
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These novel signatures provide striking experimental targets for the LHC and future colliders, uniquely character-
ising the MPVDM framework and offering clear avenues for discovery and will be explored in a separate dedicated
study.

VI. THE COMBINED SENSITIVITY TO MPVDM PARAMETER SPACE

In the previous sections we have discussed the (g — 2),, cosmological and collider constraints separately. Here we
present a combined analysis that identifies the regions of the MPVDM parameter space simultaneously consistent
with all constraints: perturbativity, collider searches, cosmology, and the muon anomalous magnetic moment. As
usual, for the (¢ — 2)p case we consider both the tension scenario, in which a positive Aq, is required, and the
compatibility scenario, in which the experimental measurement agrees with the SM prediction within uncertainties.
The full parameter scan is performed in the five-dimensional space {gp,mv,, mu,, My, M, } with perturbativity
and mass hierarchy conditions from Eq. .

A. Tension scenario

In Fig. |§| we show the projections of the 5D scan for the tension scenario, where the positive Aa, excess is
assumed. Each panel corresponds to a different pair of model parameters, and the colour code represents the successive
application of theoretical and experimental constraints.

The grey points indicate regions that satisfy only perturbativity, while the green and cyan regions correspond to
points allowed by cosmological limits, depending on whether the relic density matches the PLANCK measurement
or is underabundant. Dark-red points fulfil the a, constraint within 20, and orange points indicate the overlap of
cosmological and a, constraints. The red stars highlight the region simultaneously consistent with all constraints:
perturbativity, cosmology, a,, and collider boundsﬁ

In the (my,,gp) and (mpy,,gp) planes, one can clearly see that the viable red region lies along the Hp resonance
line, corresponding to 2mpm =~ my,. In this band, proximity to the Hp resonance ensures that the thermal relic
density is sufficiently reduced at freeze-out while remaining consistent with CMB constraints for such low dark matter
masses. At the same time, the light mpn values required by this mechanism naturally enhance Aa, in the MPVDM
loops. Since the other particles entering the loop, m,s and m,,, are pushed to the TeV scale by collider bounds,
the light dark matter mass compensates for the suppression from heavy states and provides a large enough Aa, to
explain the observed tension.

The preferred range of parameters is 107* < gp < 3 x 1072 and 0.01 GeV < my, < 1 GeV. The scalar
mass is typically below 1 GeV, while the vector-like muon partners are found in the range 850 < m,,,my S
3000 GeV, consistent with collider limits. At larger masses or couplings, the a,, contribution decouples and cosmological
constraints exclude the parameter space. Thus, the surviving region is narrow but well-defined, dominated by the
near-resonant annihilation regime discussed in Section [[V]

To illustrate the numerical interplay of the relevant parameters in more detail, we also perform 2D scans focusing on
the regions favoured by collider, cosmological and a,, data. These plots help to visualise how the individual constraints
intersect and how the LHC exclusion modifies the low-mass regime. In Fig. [I0] we present representative projections
on the (my,,gp) and (m,,,my,) planes for different fixed values of m,, and gp. The magenta, orange, red,
and cyan regions are excluded by perturbativity, DM indirect detection (ID), relic density, and collider constraints,
respectively. The solid red line corresponds to the relic density Qpah? = 0.12, while the solid orange line indicates the
Ponn = 3.2x 10728 cm®s ™' GeV ! limit from PLANCK. The dotted, solid, and dashed blue lines represent Aa, = —20,
Aa, =0, and Aa, = 420, respectively, within the tension scenario. The solid cyan line marks the LHC exclusion at
95% C.L.

In these panels, the allowed region consistent with all constraints resides in the white area bounded by the blue
lines. For example, in Fig. a) the model is completely excluded, while in Fig. b) the viable region corresponds
t0 0.21 < my, S 0.25 GeV and 0.0025 S gp < 0.0045. Increasing gp enhances Aaq,,, while increasing my,, suppresses
it, in agreement with the analytical scaling a,, x g%, /m%/D. As the mass splitting between m,,, and m, decreases,
the slope of the blue contours becomes steeper, as seen in Fig. [10J(a) versus Fig. [L0[b), reflecting the sensitivity of the
loop functions to the mass ratio rp. The (m,,,my,) projections shown in Fic),(d) further demonstrate how
the intersection of relic density, a,, and collider constraints isolates a narrow band near the Hp resonance.

5 Collider constraints for different values of gp have been extrapolated from the common features emerged in the results for specific values
of the coupling constant, described in Section M
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Fig. 9. Scatter plots from the 5D parameter scan projected onto (a) (mv,, gp), (b) (muy,9p), (¢) (muy,9p), (d) (MaL, MVy),
(e) (mur,mup), and (f) (my,, mv,) planes. The red points indicate regions consistent with all constraints, including pertur-
bativity, collider limits, cosmological bounds, and a, (within the tension scenario at the 20 level). Grey points satisfy only
perturbativity. Green and cyan points correspond to cosmologically allowed regions (matching or below the PLANCK relic
density). Dark-red points satisfy the a, constraint alone, while orange points represent the parameter space consistent with
the combined cosmological and a,, constraints.

In Fig. the masses of p/ and Hp are fixed to common reference values. While the former plays only a marginal
role — its mass simply needs to be large enough for pp to exceed the current lower limit of about 850 GeV — the latter
has a more significant impact. To illustrate this, consider Fig. b): the viable region forms a narrow vertical band
in my,, centred around 0.21-0.25 GeV, where the near-resonant condition 2mpy S mpy, ensures consistency with
CMB limits. Increasing my, shifts this band towards larger my,, values, with its right edge following the relation
myv, ~mg, /2. Since the collider and Ag,, contours are essentially unaffected by m,,, the region of overlap between
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Fig. 10. The 2D parameter space of (mv,,,gp) plane with m,, = 700 GeV (a) and 900 GeV (b), with m,, = 1000 GeV
and mpy, = 0.5 GeV, as well as the (mu,,mv,) plane with gp = 0.005 (c¢) and 0.0075 (d) for the same m, and mg,,.
The magenta, orange, red, and cyan regions are excluded by perturbativity, DM indirect detection, relic density, and collider
constraints, respectively. The solid red line corresponds to the relic density Qpwh? = 0.12, the solid orange line indicates the
Pann = 3.2 x 10728 ecm®s™'CGeV ™! limit, and the dotted, solid, and dashed blue lines represent Ad, = —20, Aa, = 0, and
Aa, = 420, respectively, within the tension scenario. The solid cyan line shows the LHC exclusion limit at 95% C.L.

the band and the allowed (g — 2), area gradually moves into the collider-excluded region (cyan area). Conversely,
decreasing myr,, pushes the band towards smaller my,, values, which again fall under the collider bound. Thus, the
qualitative structure of the allowed parameter space is determined primarily by the resonance condition, rather than
by the precise values of mg,, or m,.

Finally, to illustrate explicit numerical examples, we list in Table [[T] several benchmark points that satisfy all
relevant constraints within the tension scenario. These points reproduce the relic abundance close to the PLANCK
value, yield Aa, within 20, and respect DM direct and indirect detection limits.

For clarity, we define the direct- and indirect-detection quantities given in the table. The quantity Neyvents denotes
the expected number of dark-matter—nucleus scattering events in our direct-detection likelihood, calculated for the
given exposure and detector thresholds. The probability ppp quantifies the consistency with direct-detection limits
and is approximately ppp =~ exp(—Nevents 2pmh?/QEEIKL2): values close to one indicate compatibility with current
constraints. The parameter 61D represents the ratio of the predicted effective annihilation parameter Pa,, to its

ann

PLANCK upper limit PLlanck that is 610 = Py, /PHlanck; values 610 > 1 are excluded by cosmological observations.



Inputs/Observables ‘ BP1 BP2 BP3 BP4
gD 0.003 0.003 0.003 0.003
my, [GeV] 0.28 0.28 0.28 0.204
my, [GeV] 900 900 1000 900
m, [GeV] 1100 1200 1400 1000
miu, [GeV] 0.677 0.677 0.677 0.5
my [GeV] 0.276 0.271 0.264 0.202
Aal, -1.97 -1.33 -1.07 -1.23
Qpumh? 0.118 0.112 0.105 0.115
Nevents 9.46 x 1078 1.77 x 1077 2.52 x 1077 6.47 x 107°
PDD ~1 ~1 ~1 ~1
5D 0.399 0.479 0.498 0.810
Ty [ns] 1.31 x 1076 7.85x 1077 6.77 x 1077 3.99 x 1073
Ly [pm] 0.39y 0.24~ 0.20y 1200~
N 1.05 x 1073 1.39 x 107° 1.58 x 107° 6.07 x 107°

23

Tab. III. Representative benchmark points allowed by a, within 20, cosmological constraints, and collider bounds in the
tension scenario. The parameter v = (1 — 112/02)71/2 is the Lorentz factor of the muon and depends on the dark photon energy
distribution, typically v ~ 1000. Quantities Nevents, PpD, and 612, are defined in the text above. All points satisfy the BABAR
and NA62/64 bounds on the photon—dark photon kinetic mixing €4y-.

The light dark photon V' in these benchmarks is weakly coupled and long-lived, decaying predominantly into
ut ™ pairs, which makes this setup experimentally testable through searches for displaced dimuon vertices. In
particular, dark photon searches by NA62 and NA64 are not sensitive to this scenario due to their different lifetime
and decay-channel assumptions, while BABAR constraints are satisfied since the predicted photon—dark photon mixing
eayr <1075 (see [64] for its explicit calculation in our model) lies below current limits. If the V/ mass lies below the
dimuon threshold, my+ < 2m,,, its dominant decay channel into muon pairs closes. In this case, the decay proceeds
only via the suppressed kinetic mixing with the photon and the Z boson, leading primarily to ete™ and neutrino final
states. This situation is realised in Benchmark Point 4 (BP4) in Table where the resulting lifetime of the dark
vector is 7y ~ 4 x 1073 ns. Such a long-lived V' can produce displaced vertices or invisible signatures at colliders,
depending on its boost and production environment, providing an additional experimental handle on the low-mass
region of the MPVDM parameter space.

B. Compatibility scenario

In Fig. [11] we present the analogous results for the compatibility scenario, in which the measured a,, agrees with the
SM prediction within uncertainties. In this case, the requirement of a large positive Aa,, is lifted, and the allowed
parameter space expands dramatically. The same colour code is used as in the previous figure, with red points marking
regions satisfying all combined constraints. The overall colour scheme and structure of the panels are identical to
those in Fig. @ allowing a direct visual comparison of how the parameter space relaxes once the a, tension is lifted.

The most striking feature is that the orange and red regions now occupy a much wider area in all panels, indicating
that both light and heavy dark matter masses are allowed. The viable gp range extends from 10~* up to O(1), and
dark vector masses can vary from sub-GeV to several TeV without violating any constraints. The resonance condition
2mpm ~ mp,, still appears as a preferred band, particularly at low masses, where it provides a natural way to evade
CMB limits via the temperature-dependent suppression mechanism discussed earlier. However, this resonance is no
longer the only viable configuration, as non-resonant regions also remain allowed.

In the (m,,,m,) and (m,,, my,) panels, the red points extend to multi-TeV vector-like lepton masses, demon-
strating that heavy partners decouple smoothly while preserving consistency with all constraints. Collider bounds
dominate the upper exclusion region, while perturbativity defines the high-coupling cutoff. The relic density and
direct-detection constraints primarily control the low-mass edge of the parameter space.

The benchmark points from Table [[II|remain valid in the compatibility scenario after minor parameter adjustments.
A reduction of gp by approximately a factor of two, combined with a small increase of myr,, is sufficient to align the
predicted a,, values with the smaller deviation and maintain the correct relic density. This demonstrates the stability
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Fig. 11. Scatter plots from the 5D parameter scan projected onto (a) (mv,,gp), (b) (mup,9p), (¢) (muy,9p), (d)
(mup,mvy), (€) (my,muy,), and (f) (mu,, mv,) planes. The red points indicate regions consistent with all constraints,
including perturbativity, collider limits, cosmological bounds, and a, (within the compatibility scenario at the 20 level). Grey
points satisfy only perturbativity. Green and cyan points correspond to cosmologically allowed regions (matching or below
the PLANCK relic density). Dark-red points satisfy the a, constraint alone, while orange points represent the parameter space
consistent with the combined cosmological and a,, constraints.

of the MPVDM parameter space and its flexibility to accommodate evolving experimental results without fine-tuning.

Overall, the compatibility scenario reveals that once the a, tension is removed, the MPVDM model allows for
a wide continuum of solutions ranging from sub-GeV to TeV dark matter. The model remains cosmologically and
phenomenologically consistent, preserving the same resonant suppression mechanism for light dark matter while also
accommodating heavier sectors testable at future colliders.
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VII. CONCLUSIONS

In this study, we have investigated the Muonic Portal to Vector Dark Matter (MPVDM) model, a theoretically
well-motivated framework that links the origin of dark matter to the muon sector via new vector-like leptons (a Zs-odd
up and a Zo-even p') and a dark Zg-even scalar mediator (Hp). This setup provides a unified mechanism capable of
simultaneously addressing the long-standing muon anomalous magnetic moment (a,) anomaly (either assuming it is
still present or not) and the cosmological dark matter abundance.

We derived and validated the full expressions for the MPVDM contributions to a,,, explicitly checking consistency
with existing results and extending the analysis to include both the tension and compatibility scenarios that reflect
the evolving experimental-theoretical status of (g — 2),. In the tension scenario, where a positive deviation Aa, ~
2.5 x 1077 is required, the model predicts a sharply defined and highly constrained region of parameter space. To
generate a sufficiently large Aa,, despite the heavy vector-like leptons, dark matter must be light (mpm < 1 GeV) and
coupled with a small gauge coupling gp ~ 1073, Such light dark matter would normally be excluded by CMB bounds
on s-wave annihilation, but in the MPVDM it naturally resides near the scalar resonance, 2mpy ~ mp,,, where the
annihilation cross section exhibits a generic off-resonance velocity-suppression mechanism — one of the new key findings
of this study. This kinematical effect, realised when 2mpy lies below about 10-20% of the resonance, ensures that the
relic abundance remains consistent with the Planck limit while strongly suppressing late-time annihilation, allowing
light dark matter to remain viable without invoking the ultra-narrow Breit—Wigner resonances and associated early
kinetic decoupling assumed in earlier studies. Importantly, this behaviour does not require fine-tuning of parameters
and is expected to occur generically in near-resonant thermal dark matter scenarios. At the same time, the light
dark matter mass enhances the loop contribution to a,, compensating for the suppression from the heavy vector-like
states. This interplay between cosmology and particle physics renders the tension scenario highly predictive and
phenomenologically testable.

In contrast, the compatibility scenario, consistent with the 2025 Muon g—2 Theory Initiative update, exhibits a much
broader viable parameter space. Here, no large positive Aa, is required, allowing both resonant and non-resonant
configurations across a wide mass range. Dark vector masses can span from sub-GeV to multi-TeV, with couplings
varying from 10~% to O(1), and the relic density constraint can be satisfied naturally without fine-tuning. The same
off-resonance suppression mechanism remains operative in the low-mass regime, ensuring that the model smoothly
transitions between the two scenarios as experimental inputs evolve. By slightly reducing gp and increasing my,,
the benchmark points that explain the a, tension can also satisfy the compatibility scenario, highlighting the model’s
robustness and flexibility. We have visualised these combined constraints through five-dimensional scatter plots and
two-dimensional parameter projections, which clearly identify the viable regions and their correlations among the
model parameters.

We have also performed a comprehensive collider analysis by recasting ATLAS and CMS searches for dilepton
plus missing transverse energy signatures, setting a lower bound of approximately 850 GeV on the masses of the
Zo-odd vector-like muons, almost independently of the mass of the Zs-even one. The parameter space allowed by
all the constraints predicts striking multi-lepton signatures with up to six, eight, or ten muons in the final state,
accompanied by missing energy from the dark sector — a distinctive experimental hallmark for future searches at the
LHC in its high-luminosity phase and at future colliders.

The MPVDM scenario thus provides a coherent, predictive, and phenomenologically rich framework connecting the
muon sector to the dark sector. Its ability to accommodate both the presence and absence of the (g — 2), anomaly,
while naturally satisfying cosmological and collider bounds, makes it a compelling target for future experimental
investigation. Further exploration of displaced dimuon signatures from long-lived dark photons, along with precision
measurements of a,, will be crucial in probing this model. In summary, the MPVDM framework offers a unified
and testable explanation for the interplay between dark matter and muon physics, bridging cosmological observations
and collider phenomenology, and revealing a generic near-resonant mechanism through which light (sub- to few-GeV)
thermal dark matter can remain consistent with all current data.
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Appendix A: The relevant Feynman rules

SFF-vertices

Scalar couplings (Cs)

Psuedo-scalar couplings (Cp)

2v/2

Hutp™ —\% cosfr, cosOr 0
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Tab. IV. The first block presents the relevant Scalar Fermion Fermion (SFF) vertices in the form of Cs — Cp7ys where Cg
and Cp are the scalar and psuedo-scalar couplings, respectively. The second block presents relevant Vector Fermion Fermion
(VFEF) vertices in the form of v* (Cv — Ca7ys) where Cy and C4 are the vector and axial vector parts, respectively.
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