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Abstract

A new measurement of the muon anomalous magnetic moment has been recently reported by the

Fermilab Muon g-2 collaboration and shows a 4.2σ departure from the most precise and reliable

calculation of this quantity in the Standard Model. Assuming that this discrepancy is due to new

physics, we consider its relation with other potential anomalies, especially in the muon sector, as

well as clues from the early universe. We comment on new physics solutions discussed extensively in

the literature in the past decades, to finally concentrate on a simple supersymmetric model that also

provides a dark matter explanation. We show results for an interesting region of supersymmetric

parameter space that can be probed at the high luminosity LHC and future colliders, while leading

to values of (gµ − 2) consistent with the Fermilab and Brookhaven (gµ − 2) measurements. Such

a parameter region can simultaneously realize a Bino-like dark matter candidate compatible with

direct detection constraints for small to moderate values of the Higgsino mass parameter |µ|.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has built its reputation on decades of

measurements at experiments around the world that testify to its validity. With the discovery

of the Higgs boson almost a decade ago [1, 2] all SM particles have been observed and the

mechanism that gives mass to the SM particles, with the possible exception of the neutrinos,

has been established. Nonetheless, we know that physics beyond the SM (BSM) is required

to explain the nature of dark matter (DM) and the source of the observed matter-antimatter

asymmetry. Furthermore, an understanding of some features of the SM such as the hierarchy

of the fermion masses or the stability of the electroweak vacuum, is lacking.

The direct discovery of new particles pointing towards new forces or new symmetries

in nature will be the most striking and conclusive evidence of BSM physics. However, it

may well be the case that BSM particles lie beyond our present experimental reach in mass

and/or interaction strength, and that clues for new physics may first come from results for

precision observables that depart from their SM expectations. With that in mind, since

the discovery of the Higgs boson, we are straining our resources and capabilities to measure

the properties of the Higgs boson to higher and higher accuracy, and flavor and electroweak

physics experiments at the LHC and elsewhere are pursuing a complementary broad program

of precision measurements. Breakthroughs in our understanding of what lies beyond the SM

could occur at any time.

Recently, new results of measurements involving muons have been reported. The LHCb

experiment has reported new values of the decay rate of B-mesons to a kaon and a pair

of muons compared to the decay into a kaon and electrons [3], providing evidence at the

3 σ-level of the violation of lepton universality. This so-called RK anomaly joins the ranks

of previously reported anomalies involving heavy-flavor quarks such as the bottom quark

forward-backward asymmetry at LEP [4, 5], and measurements of meson decays at the LHC

and B-factories such as RK∗ [6–8] and RD(∗) [9–14]. The Fermilab Muon (g-2) experiment

has just reported a new measurement of the anomalous magnetic moment of the muon,

aµ ≡ (gµ − 2) /2. The SM prediction of aµ is known with the remarkable relative precision

of 4 × 10−7, aSM
µ = 116 591 810(43) × 10−11 [15–35]. From the new Fermilab Muon (g-

2) experiment, the measured value is aexp, FNAL
µ = 116 592 040(54) × 10−11 [36], which

combined with the previous E821 result aexp, E821
µ = 116 592 089(63) × 10−11 [37], yields a
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value aexp
µ = 116 592 061(41)× 10−11.

An important point when considering the tension between experimental results and the

SM predictions are the current limitations on theoretical tools in computing the hadronic

vacuum polarization (HVP) contribution to aSM
µ , which is governed by the strong interaction

and is particularly challenging to calculate from first principles. The most accurate result

of the HVP contribution is based on a data-driven result, extracting its value from precise

and reliable low-energy (e+e− → hadrons) cross section measurements via dispersion theory.

Assuming no contribution from new physics to the low energy processes and conservatively

accounting for experimental errors, this yields a value aHVP
µ = 685.4(4.0)×10−10 [15, 20–26],

implying an uncertainty of 0.6 % in this contribution.1 The SM prediction for the anomalous

magnetic moment of the muon and the measured value then differ by 4.2 σ,

∆aµ ≡ (aexp
µ − aSM

µ ) = (251± 59)× 10−11 . (1)

It is imperative to ask what these anomalies may imply for new physics. The most

relevant questions that come to mind are: Can the aµ and RK(∗) anomalies be explained

by the same BSM physics? Can they give guidance about the nature of DM? Are they

related to cosmological discrepancies? How constrained are the possible solutions by other

experimental searches? What are future experimental prospects for the possible solutions?

In Sec. II we provide a brief overview of the many models which have been previously

proposed in the literature to explain the (gµ−2) anomaly and consider their impact on other

possible anomalies and on unresolved questions of the SM. Then, in Sec. III, we discuss a

supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal

Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of

the MSSM where the (gµ − 2) anomaly can be realized simultaneously with a viable DM

candidate. We show that in the region of moderate |µ| and moderate-to-large values of

tan β, a Bino-like DM candidate can be realized in the proximity of blind spots (that require

µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a different region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP
µ =

708.7(5.3) × 10−10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ − 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e− → hadrons) in agreement [39–42]. 3



of Refs. [44, 45], which considers regions of large µ as a way to accommodate current SIDD

bounds. Finally, we summarize and conclude in Sec. IV.

II. (gµ − 2) CONNECTIONS TO COSMIC PUZZLES AND THE LHC

In order to bridge the gap between the SM prediction and the measured value for the

anomalous magnetic moment of the muon, a BSM contribution of order ∆aµ = (20–30) ×
10−10 is needed. Taking the aµ anomaly as a guidance for new physics, it is natural to

ask how it can be connected to other anomalies, specially those in the muon sector, or to

solving puzzles of our universe’s early history. There are two broad classes of solutions to

the (gµ − 2) anomaly that may be considered in the light of the above:

• New relatively light particles with small couplings to muons, typically featuring par-

ticles with O(100) MeV masses and O(10−3) couplings to muons. Examples of such

models we will discuss here are new (light) scalars and new (light) (Z ′) vector bosons.

These new light particles may have left important clues in the cosmos.

• New heavy fermions or scalars (possibly accompanied by additional new particles), as

well as leptoquark particles, with larger couplings to muons. Similar solutions appear

also in supersymmetric extensions of the SM that we shall discuss separately in some

detail in Sec. III. In addition, new gauge symmetries, spontaneously broken at low

energies, can induce Z ′ vector bosons with masses comparable to the electroweak scale

and O(1) couplings to muons. These types of new particles can be sought for at the

LHC and other terrestrial experiments.

The most recent LHCb measurement [3], RK = BR(B → Kµ+µ−)/BR(B → Ke+e−) =

0.846+0.044
−0.041 in the kinematic regime of 1.1 GeV2 ≤ q2 ≤ 6.0 GeV2 implies a violation of lepton

universality and differs from the SM expectation at the 3.1 σ level. Since RK also involves

muons, it naturally appears related to the (gµ − 2) anomaly. However, as we shall discuss,

it is hard to simultaneously fit both RK and (gµ − 2).

Scalar solutions: This is perhaps the simplest scenario for the explanation of the ob-

served ∆aµ. A scalar particle, with mass . 200 MeV and couplings to muons of similar size

as the corresponding SM-Higgs coupling, can lead to a satisfactory explanation of ∆aµ [46–

51]. One can construct models with such a scalar particle and suppressed couplings to other
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leptons or quarks in a straightforward way [51]. Alternatively, one can construct models with

appropriate values of the couplings of the new scalar to quarks to lead to an explanation of

some flavor anomalies, for example the KOTO anomaly [52], but the constraints tend to be

more severe and the model-building becomes more involved [53]. It is important to stress

that it proves impossible to fully explain the RK anomaly with scalars without violating

Bs → µ+µ− measurements [54]; see, for example, Ref. [55].

A pseudoscalar particle may also lead to an explanation of ∆aµ, provided it couples not

only to muons, but also to photons. The typical example are axion-like particles [56, 57],

although obtaining the proper ∆aµ requires a delicate interplay between the muon and

photon couplings.2 Alternatively, a positive contribution to aµ can arise from a two loop

Barr-Zee diagram mediated by the pseudoscalar couplings to heavier quarks and leptons [59].

Fermionic solutions: Another interesting solution occurs in the case of vector-like

leptons, which may induce a contribution to aµ via gauge boson and Higgs mediated inter-

actions [60, 61]. Note that the mixing between the SM leptons and the new heavy leptons

must be carefully controlled to prevent dangerous flavor-changing neutral currents in the

lepton sector. A recent analysis shows that consistency with the measured values of ∆aµ

may be obtained for vector-like leptons with masses of the order of a few TeV [62].

Leptoquark solutions: This is one of the most interesting solutions to ∆aµ, since it

can also lead to an explanation of the RK anomaly; see, for example, Refs. [63–66]. A

directly related and particularly attractive realization arises in R-parity violating supersym-

metry, which enables the same type of interactions as a leptoquark theory; see, for example,

Ref. [67]. This solution requires the scalar partner of the right-handed bottom quark to have

masses of a few TeV, which may be tested at future LHC runs. Similar to the vector-like

lepton scenarios, a careful choice of the leptoquark couplings is necessary to avoid flavor-

changing neutral currents. This tuning may be the result of symmetries [66], and is perhaps

the least attractive feature of such scenarios.

Gauge boson solutions: New gauge bosons coupled to muons are an attractive solution

to the aµ anomaly, since they can be incorporated in an anomaly-free framework that can

also lead to an explanation of the RK(∗) anomalies. Of particular interest is the gauged

(Lµ − Lτ ) scenario [68], since it avoids the coupling to electrons.3 The RK(∗) anomalies

2 A similar mechanism applies for (ge − 2) in the case of the QCD axion; see, for instance, Ref. [58]
3 Models with (Lµ+Lτ ) give an intriguing connection to a novel mechanism of electroweak baryogenesis with

5



may be explained by the addition of vector-like quarks that mix with the second and third

generation SM quarks [71–73], connecting the (Lµ−Lτ ) gauge boson to baryons. A common

explanation of both RK(∗) and aµ is, however, strongly constrained by neutrino trident

bounds on Z ′ bosons coupled to muons [74–76].4 In addition, bounds from BaBar [79] and

CMS [80] from [e+e−/pp → µ+µ− + (Z ′ → µ+µ−)] rule out the values of the new gauge

coupling which could explain the observed value of aµ for mZ′ ≥ 2mµ ' 210 MeV. Due to

these experimental constraints, explaining the ∆aµ anomaly with a light new gauge boson

requires mZ′ . 200 MeV. Explanations of the flavor anomalies require larger gauge boson

masses, preventing simultaneous explanations of RK(∗) and aµ.

It is interesting to note that explanations of the (gµ−2) anomaly via gauged (Lµ−Lτ ) may

have a relation to some of the cosmological puzzles, in particular the tensions of the late and

early time determinations of the Hubble constant, H0 [78, 81]. In the mZ′ ∼ 10 MeV region,

the effective number of degrees of freedom can be enhanced by ∆Neff ≈ 0.2, alleviating the

H0-tension. Note that constraints from solar neutrino scattering in Borexino [78, 82, 83]

and ∆Neff bounds [81] rule out the couplings preferred by the aµ anomaly for mZ′ . 5 MeV.

Before considering minimal supersymmetric scenarios for the (gµ − 2) anomaly in some

detail, let’s summarize the discussion above as follows: 1) All the above solutions, with a

broad range of masses and couplings of the new particles, can readily explain the (gµ − 2)

anomaly, but it is difficult to simultaneously accommodate the RK(∗) anomalies. This diffi-

culty mainly arises from experimental constraints. In the rare cases where both solutions can

be accommodated simultaneously, additional requirements are necessary for tightly connect-

ing them. 2) In most scenarios, a DM candidate can be included in the model (with different

levels of complexity). However, there does not appear to be a compelling connection offering

a unique guidance for model building. On the other hand, in low-energy SUSY models with

R-Parity conservation, an explanation of the (gµ− 2) anomaly is naturally connected to the

presence a DM candidate and other new particles within the reach of the (HL-)LHC and

future colliders. We explore this possibility in its simplest realization in the next section.

CP-violation triggered in a dark sector that allows for a suitable DM candidate [69, 70]. Unfortunately,

solutions to (gµ − 2) in this appealing scenario are ruled out by (B → Kµ+µ−) constraints due to

contributions from the anomalous WWZ ′ coupling.
4 There are also bounds from Coherent ν-Nucleus Scattering (CEνNS), although these are not yet compet-

itive with the bounds from neutrino trident processes [77, 78].
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III. TINY (gµ − 2) MUON WOBBLE WITH SMALL |µ| IN THE MSSM

Supersymmetric extensions of the SM remain among the most compelling BSM scenar-

ios [84–86], not least because in supersymmetric theories the stability of the Higgs mass pa-

rameter under quantum corrections can be ensured. In minimal supersymmetric extensions

of the SM, the SM-like Higgs is naturally light [87–97] and the corrections to electroweak

precision as well as flavor observables tend to be small, leading to good agreement with

observations. Supersymmetric extensions can also lead to gauge coupling unification and

provide a natural DM candidate, namely the lightest neutralino.

In this section, we discuss the regions of parameter space of the Minimal Supersymmetric

Standard Model (MSSM) [84–86] where the (gµ−2) anomaly can be simultaneously realized

with a viable DM candidate. Related recent (but prior to the publication of the Fermilab

Muon (g-2) result) studies can, for example, be found in Refs. [44, 45, 98–100]. One crucial

difference in the region of parameter space we study here compared to the very recent work

in Refs. [44, 45] is that we show how the experimentally observed value of aµ can be explained

in the MSSM together with a viable DM candidate for moderate (absolute) values of the

Higgsino mass parameter |µ| . 500 GeV. In this region of parameter space, a Bino-like

neutralino can be an excellent DM candidate if its (spin independent) direct detection cross

section is suppressed by the so-called blind spot cancellations [43], which require µ and the

Bino mass parameter, M1, to have opposite sign.

A. ∆aµ and Direct Dark Matter Detection Constraints

The MSSM contributions to aµ have been discussed extensively in the literature, see, for

example, Refs. [100–107]. The most important contributions arise via chargino-sneutrino

and neutralino-smuon loops, approximately described by [100]

aχ̃
±−ṽµ
µ ' αm2

µµM2 tan β

4π sin2 θWm2
ṽµ



fχ±

(
M2

2/m
2
ṽµ

)
− fχ±

(
µ2/m2

ṽµ

)

M2
2 − µ2


 , (2)

aχ̃
0−µ̃
µ ' αm2

µM1 (µ tan β − Aµ)

4π cos2 θW

(
m2
µ̃R
−m2

µ̃L

)
[
fχ0

(
M2

1/m
2
µ̃R

)

m2
µ̃R

−
fχ0

(
M2

1/m
2
µ̃L

)

m2
µ̃L

]
, (3)
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where M2 is the Wino mass parameter and mf̃ are the scalar particle f̃ masses, with the

loop functions

fχ±(x) =
x2 − 4x+ 3 + 2 ln(x)

(1− x)3 , (4)

fχ0(x) =
x2 − 1− 2x ln(x)

(1− x)3 ; (5)

see Refs. [104, 107] for the full (one-loop) expressions. It is interesting to note that these two

contributions can be of the some order of magnitude: The chargino-sneutrino contribution is

proportional to Higgsino-Wino mixing which can be sizeable, but suppressed by the small-

ness of the Higgsino-sneutrino-muon coupling which is proportional to the muon Yukawa

coupling, ∝ mµ tan β/v with the SM Higgs vacuum expectation value v. The neutralino-

smuon contribution, on the other hand, arises via muon-smuon-neutralino vertices which are

proportional to the gauge couplings, but is suppressed by the small smuon left-right mixing,

∝ mµ(µ tan β − Aµ)/(m2
µ̃R
−m2

µ̃L
). Regarding corrections beyond one-loop [108, 109], the

most relevant contribution is associated with corrections to the muon Yukawa coupling, ∆µ.

These corrections become relevant at large values of µ tan β and can be re-summed at all

orders of perturbation theory [110]. While these corrections lead to small modifications of

aµ, they do not change the overall dependence of ∆aµ on the masses of the supersymmetric

particles.

From Eqs. (2)–(3) we can observe that the sign of the MSSM contributions to aµ depend

sensitively on the relative signs of the gaugino masses M1 and M2 and the Higgsino mass

parameter µ. As we will discuss shortly, a DM candidate compatible with the current null-

results from direct detection experiments can be realized for |µ| . 500 GeV if M1 and µ have

opposite signs. For this combinations of signs, the contribution from the neutralino-smuon

loop to aµ will be negative, aχ̃
0−µ̃
µ < 0. Since the measured value of aµ is larger than the

SM prediction by ∆aµ ' 25 × 10−10, we require the chargino-sneutrino contribution to be

positive and larger than the neutralino-smuon contribution. This can be realized if M2 has

the same sign as µ and if |M2| is of similar size as |µ| and the soft smuon masses. In the

regime of moderate or large values of tan β, and assuming all weakly interacting sparticles

have masses of the same order, m̃, one obtains approximately

∆aµ ' 1.3× 10−9 tan β ×
(

100 GeV

m̃

)2

, (6)

8



The factor 1.3 reduces to values closer to 1 if M1 and M2 have opposite signs. This implies

that for values of tan β ' 10, sparticles with masses m̃ ∼ 200 GeV can lead to an explanation

of the observed ∆aµ anomaly, while for tan β = 60, the characteristic scale of the weakly

interacting sparticle masses may be as large as m̃ ∼ 500 GeV.

The range of tan β and of sparticle masses consistent with the observed ∆aµ has implica-

tions on the DM properties. We will concentrate on DM candidates with masses comparable

to the weak scale such that the thermal DM relic density reproduces the observed value. In

the MSSM, DM candidates in this mass range can be realized if the lightest supersymmetric

particle is an almost-pure Bino, mχ ' |M1|.
For the moderate-to-large values of tan β required explain the (gµ− 2) anomaly, the spin

independent direct detection (SIDD) amplitude for the scattering of DM with nuclei (N) is

proportional to

MSI
p ∝

v

µ2

[
2

(M1 + µ sin 2β)

m2
h

− µ cos 2β

m2
H

tan β

]
, (7)

where mh and mH are the masses of the SM-like and the new heavy Higgs. We see that the

SIDD amplitude depends in a crucial way on the sizes and signs of M1 and µ. There are two

options to lower the SIDD amplitude: For large values of |µ|, the Higgsino components of the

DM candidate become small and the SIDD amplitude is suppressed. Alternatively, the terms

inside the brackets in Eq. (7) can cancel, leading to a suppression of the SIDD amplitude.

The latter option is particularly interesting since it allows |µ| to remain of the order of the

electroweak scale; see, for example Ref. [111] for a recent discussion of naturalness and the

connection with direct detection bounds.

Regarding the first term in Eq. (7), if M1 ' −µ sin 2β, the contributions of the Higgsino-

up and the Higgsino-down admixtures to the (χχh) interaction cancel. The second term

is the contribution to the (χN → χN) amplitude arising from the t-channel exchange of

the non-SM-like heavy Higgs boson H. The generalized blind spot condition for SIDD cross

section of a Bino-like DM candidate is then [43]

2 (M1 + µ sin 2β)

m2
h

≈ µ tan β cos 2β

m2
H

. (8)

If the condition in Eq. (8) is satisfied, the amplitudes mediated by h and by H exchange

interfere destructively, suppressing the SIDD cross section; a property that also holds at the

one-loop level [112]. Hence, if the neutralino is mostly Bino-like, for a given value of |µ| and
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M1, the cross section is suppressed (enhanced) if µ and M1 have opposite (the same) sign.5

The value of the heavy Higgs boson mass plays an important role in the blind-spot

cancellation. In the presence of light electroweakinos, the current LHC bounds on mH coming

from searches for heavy Higgs bosons decaying into τ -leptons [113–116] can be approximated

by

mH ≥ 250 GeV ×
√

tan β ∼ 2 mh

√
tan β . (9)

For values of mH close to this bound, the SIDD amplitude is proportional to

MSI
p ∝

2

m2
h

M1v

µ2

[
1 +

µ

2M1

(
4

tan β
+

1

4

)]
. (10)

To exemplify the relevance of the relative sign and size of µ and M1, consider MSI
p for

tan β = 16. As a reference value for the SIDD amplitude, let us set µ ' −M1. Keeping

M1 fixed, but increasing the value of µ to µ ' −2M1, the value of MSI
p becomes a factor

of ≈ 1/6 smaller. Let us compare this to the situation if µ and M1 to have the same sign.

First, we can note that for µ = M1, the SIDD amplitude is almost a factor 2 larger than for

µ = −M1. Furthermore, in order to obtain a reduction ofMSI
p by a factor of 1/6, one would

have had to raise the value of µ from µ ∼ M1 to µ ∼ 4M1. This exemplifies that obtaining

SIDD cross sections compatible with experimental limits either requires (µM1) < 0 (blind

spot solution) or, to compensate for a positive sign of this product, one must sufficiently

enhance the ratio µ/M1 (large µ solution).

The spin dependent (SD) interactions are instead dominated by Z-exchange, and can only

be suppressed by lowering the Higgsino component of the lightest neutralino. At moderate

or large values of tan β, the amplitude for SD interactions is proportional to [99]

MSD ∝
(
v

µ

)2

cos 2β . (11)

Comparison with the results from direct detection experiments [117–120] leads to an ap-

proximate bound on µ,

|µ| & 300 GeV , (12)

with a mild dependence on M1.

To summarize this discussion, we show the qualitative behavior of the direct detection

cross sections in Figs. 1 and 2 in the M1–µ plane. We use approximate analytic expressions

5 Note that cos(2β) = (1− tan2 β)/(1 + tan2 β) ' −1 for moderate-to-large values of tan β.
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100 200 300 400 500 600 700
µ [GeV]

−400

−300

−200

−100

0

100

200

300

400

M
1

[G
eV

]

tan β = 15; mH = 1000 GeV; M2 = |M1|+ 80 GeV
mµ̃L = mν̃µ = |M1|+ 90 GeV; mµ̃R = |M1|+ 80 GeV

σSDp

σSDn

σSIp

aµ

FIG. 1. Approximate bounds on the values of µ and M1 coming from ∆aµ and DM direct detection

constraints for tan β = 15 and values of the slepton, Higgs and Wino mass parameters that leads

to consistency with LHC constraints. The areas shaded in the respective colors are consistent with

the current SI and SD direct detection bounds, and in the gray areas bounded by the dashed black

lines we find a MSSM contribution ∆aµ = (25.1 ± 5.9) × 10−10, explaining the value observed by

the Fermilab and Brookhaven Muon (g-2) experiments. The two darkest gray areas denote the

preferred region of parameter space.

for the cross sections and set the masses of the heavy Higgs boson and tan β to character-

istic values. The values of M2 and the slepton masses have been chosen to avoid current

constraints from slepton and chargino searches at the LHC, see, for example, Refs. [121–

131]. The regions shaded in the different colors denote the region allowed by current direct

detection constraints on the SD-proton [117, 120], SD-neutron [118, 119], and SI [132–135]

scattering cross section. We see that whereas the SD constraints provide an approximately

symmetric lower bound on µ, due to the SI constraints the values of |µ| need to be sig-

nificantly larger for positive µ ×M1 than for negative µ ×M1. We also show the region
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100 200 300 400 500 600 700
µ [GeV]

−400

−300

−200

−100

0

100

200

300

400

M
1

[G
eV

]

tan β = 30; mH = 1500 GeV; M2 = |M1|+ 80 GeV
mµ̃L = mν̃µ = |M1|+ 90 GeV; mµ̃R = |M1|+ 80 GeV

σSD
p

σSD
n

σSI
p

aµ

FIG. 2. Same as Fig. 1 but for tan β = 30.

where the MSSM contribution explains the (gµ − 2) anomaly in Figs. 1 and 2 with the gray

shade bounded by the dashed black line. The shape of the region preferred by ∆aµ may

be understood from the interplay between the Bino- and Wino-mediated contributions. For

large values of |µ|, the Bino contribution tends to be the most relevant one. If one considers

positive values of µ×M1, it gives a positive contribution to ∆aµ which can account for the

(gµ − 2) anomaly for sufficiently large values of tan β. However, for smaller values of |µ|
and negative values of µ×M1, as required by the blind spot solution, the Bino contribution

tends to be subdominant and neither has the sign nor the magnitude to account for the

(gµ− 2) anomaly. If anything, depending on the sign of M1×M2, it will partially cancel the

Wino contribution to ∆aµ. For smaller values of |µ|, an explanation for the (gµ−2) anomaly

requires a Wino-mediated contribution enabled by µ×M2 > 0 and moderate values of M2.

We stress that our preferred region is the intersection of the aµ and the direct detection

contours, corresponding to the regions with the darkest shade.
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B. ∆aµ and the DM Relic Density

For a Bino-like DM candidate with mass in the few hundred GeV range, the observed

relic density can be realized via thermal production through different mechanisms, such as

co-annihilation with sleptons or charginos [136–141], t-channel annihilation via light left-

right mixed staus [142] or smuons [143], or resonant s-channel annihilation [139, 140]. In

Tables I and II we present a few benchmark scenarios which simultaneously accommodate

the (gµ − 2) anomaly and a viable DM candidate. All of them are consistent with the

observed relic density, the observed value of ∆aµ, and satisfy the LHC constraints as well as

constraints from direct detection. Bounds from Higgsino and Wino pair production depend

on a careful consideration of the decay branching ratios [144, 145]. For the aim of this

work, however, we have consider a compressed spectrum, for which the Wino production

constraints are weakened. The results for the spectrum, ∆aµ, relic density as well as the SI

and SD cross sections have been obtained with Micromegas v 5.2.7.a [146–148].

• The most natural benchmark is that associated with a light smuon. The proper relic

density may be obtained by co-annihilation of the lightest neutralino with the muon

sneutrino. The benchmark BMSM gives a representation of such a possibility.

• Another similar solution is associated with the co-annihilation of a light stau with the

lightest neutralino, something that happens naturally at large values of tan β, where

the lightest stau is pushed to masses lower than those of the sneutrinos. BMS1 gives

a representative spectrum consistent with such a possibility.

• A light neutralino can also annihilate via the interchange of a t-channel stau. BMS2

gives a representation of this possibility.

• BMS3 represents a case of mixed co-annihilation with charginos and staus.

Although the mechanism controlling the relic density is different for the different benchmark

points, all of them present similar characteristics. They feature masses of weakly interacting

sparticles masses lower than about 500 GeV and values of tan β of the order of a few 10’s,

leading to values of ∆aµ in the desired range. All of them have negative values of µ ×M1

and positive values of µM2 as discussed above.
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BMSM BMS1 BMS2 BMS3

M1 [GeV] -290 -234 -96 -175

M2 [GeV] 350 280 212 210

µ [GeV] 500 460 350 355

M1,2
L [GeV] 300 400 272 275

M3
L [GeV] 500 300 272 275

M1,2
R [GeV] 300 300 112 190

M3
R [GeV] 500 300 112 190

MA [GeV] 1800 1800 1500 1000

tanβ 40 40 25 15

BMSM BMS1 BMS2 BMS3

mχ [GeV] 287.0 231.5 92.6 172.5

mτ̃1 [GeV] 464.9 241.8 104.6 189.2

mµ̃1 [GeV] 303.2 395.0 120.4 195.0

mν̃τ [GeV] 496.0 293.3 264.5 267.7

mν̃µ [GeV] 293.3 395.0 264.6 267.7

mχ±1
[GeV] 334.5 267.5 208.2 193.7

∆aµ 109 2.43 2.98 2.66 2.06

ΩDMh
2 0.116 0.120 0.118 0.121

σSI
p [10−10 pb] 2.01 1.26 0.11 0.98

σSD
p [10−6 pb] 4.67 5.27 10.1 13.8

σSI
n [10−10 pb] 2.00 1.24 0.11 0.95

σSD
n [10−6 pb] 3.77 4.23 7.9 10.9

TABLE I. Values of the MSSM parameters, mass spectrum and quantities relevant for dark matter

and (gµ − 2) for the case of Bino-like DM co-annihilating with a muon sneutrino (BMSM), co-

annihilating with a light stau (BMS1), annihilating via stau mediated t-channel (BMS2) and co-

annihilating with staus and charginos (BMS3).

In Table II we present benchmarks for which the sleptons do not give a relevant contri-

bution to the thermal production of the DM relic density:

• The lightest neutralino may co-annihilate with the lightest chargino, due to the small

mass difference. The LHC bounds may be avoided due to the compressed spectrum.

The benchmark BMW represents such a possibility.

• The lightest neutralino can acquire the proper relic density via resonant s-channel

annihilation. BMH1 and BMH2 represent such a possibility.

The proper thermal relic density may be obtained via resonant s-channel annihilation me-

diated by either the Z, the SM-like Higgs (h) or the heavy Higgs bosons, A and H. For

the values of tan β necessary to enhance ∆aµ, the bounds on the heavy Higgs bosons be-

come very strong, implying a heavy spectrum. Indeed, using the bounds on mH provided in

Eq. (9) and the approximate expression for ∆aµ, Eq. (6), and assuming that all the weakly
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BMW BMH1 BMH2

M1 [GeV] -227 -62. 62.4

M2 [GeV] 260 140. 130.

µ [GeV] 450 320 500.

M1,2
L [GeV] 332 720 720

M3
L [GeV] 332 720 720

M1,2
R [GeV] 330 720 720

M3
R [GeV] 330 720 720

MA [GeV] 1500 2000 2500

tanβ 25 40 45

BMW BMH1 BMH2

mχ (mh) [GeV] 224.6 60.1 (124.8) 60.8 (124.9)

mτ̃1 [GeV] 303.3 708.1 693.1

mµ̃1 [GeV] 332.9 721.4 721.4

mν̃τ [GeV] 325.9 717.2 717.2

mν̃µ [GeV] 325.9 717.2 717.2

mχ±1
[GeV] 247.9 140.2 135.6

∆aµ 109 2.13 2.38 2.11

ΩDMh
2 0.117 0.116 0.121

σSI
p [10−10 pb] 1.20 3.6 10−3 0.37

σSD
p [10−6 pb] 5.7 13.1 2.4

σSI
n [10−10 pb] 1.19 5.2 10−3 0.39

σSD
n [10−6 pb] 4.6 10.2 1.9

TABLE II. Same as Table I but for the case of co-annihilation with a Wino (BMW) and resonant

s-channel annihilation via the SM-like Higgs boson (BMH1 and BMH2). For BMH1 and BMH2

we also provide the mass of the SM-like Higgs boson mh between brackets.

interacting sparticles have masses close to mH/2, the maximal value for ∆aµ that may be

obtained is

∆aµ ' 10−9 tan β
4

m2
H

(100 GeV)2 . 7× 10−10, (13)

which is a factor of a few smaller than the observed anomaly. Therefore, we shall not discuss

this particular solution further.

Regarding the resonant s-channel annihilation via the Z-boson, it presents similar char-

acteristics to resonant annihilation mediated by the SM-like Higgs, h. We therefore present

two example of the latter case. The two examples are related to the fact that, for such small

values of M1 ' 60 GeV, values of |µ| . 500 GeV may lead to the desired suppression of the

cross section for either sign of µ. This follows, for instance, from Eq. (7), from where we also

observe that for positive values of µ×M1, values of mH significantly larger than the current

experimental bounds are preferred. Observe that in the case of BMH1 and BMH2 we chose

the sleptons to be heavy to avoid the bounds from the LHC, hence, the proper values of ∆aµ

require relatively large values of tan β. An extended discussion of the region of parameters
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consistent with ∆aµ for these s-channel annihilation are presented in Ref. [99].

Let us finally note that while we have chosen benchmark points compatible with current

bounds on heavy Higgs bosons, sleptons, and charginos from the LHC, these models are

within the reach of future runs of the (HL)-LHC and, in the case of sleptons and charginos,

future lepton colliders, see, for example, Refs. [149–161].

IV. SUMMARY AND CONCLUSIONS

In this article we present several possible extensions of the Standard Model that can lead

to an explanation of the value of ∆aµ measured at the Fermilab and Brookhaven experiments.

While the simplest explanation is just the addition of a scalar particle, one can also rely on

new gauge bosons, vector-like fermions or leptoquark models. The leptoquark (or R-parity

violating supersymmetry) solution seems to be interesting since it can accommodate not

only the values of ∆aµ, but can also lead to an explanation of the flavor anomalies, although

at the prize of a delicate tuning between the couplings of the leptoquarks to quarks and

leptons.

This work puts most emphasis on a solution based on the Minimal Supersymmetric ex-

tension of the Standard Model, in which, although one cannot address the flavor anomalies,

one can find solutions leading to a compelling DM explanation. In particular, we discuss

the conditions that are required to be consistent with the observed ∆aµ, existing direct dark

matter detection constraints, and the bounds from the LHC on new Higgs bosons and su-

persymmetric particles. We stress the importance of negative values of µ×M1 to satisfy the

direct detection constraints for small values of |µ| and consider the impact of this condition

on the resulting values of ∆aµ. In general, the measured values of ∆aµ are consistent with

moderate or large values of tan β and light electroweak interacting supersymmetric parti-

cles. The observed relic density may be produced via a wide range of different mechanisms,

including co-annihilation with sleptons, t-channel annihilation mediated by staus, or reso-

nant s-channel annihilation mediated by the Standard Model-like Higgs or Z bosons. The

resonant s-channel annihilation mediated by heavy Higgs bosons, on the other hand, tends

to require heavy supersymmetric particles leading to values of ∆aµ that are smaller than

those recently observed by the Fermilab Muon (g-2) experiment.
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distance constraints for the HLbL contribution to the muon anomalous magnetic moment,”

Phys. Lett. B 798, 134994 (2019), arXiv:1908.03331 [hep-ph].

[33] Gilberto Colangelo, Franziska Hagelstein, Martin Hoferichter, Laetitia Laub, and Peter

Stoffer, “Longitudinal short-distance constraints for the hadronic light-by-light contribution

to (g − 2)µ with large-Nc Regge models,” JHEP 03, 101 (2020), arXiv:1910.13432 [hep-ph].

[34] Thomas Blum, Norman Christ, Masashi Hayakawa, Taku Izubuchi, Luchang Jin, Chulwoo

Jung, and Christoph Lehner, “Hadronic Light-by-Light Scattering Contribution to the Muon

Anomalous Magnetic Moment from Lattice QCD,” Phys. Rev. Lett. 124, 132002 (2020),

arXiv:1911.08123 [hep-lat].

[35] Gilberto Colangelo, Martin Hoferichter, Andreas Nyffeler, Massimo Passera, and Peter Stof-

fer, “Remarks on higher-order hadronic corrections to the muon g−2,” Phys. Lett. B 735,

90–91 (2014), arXiv:1403.7512 [hep-ph].

[36] B. Abi et al. (Muon g − 2 Collaboration), “Measurement of the positive muon anomalous

magnetic moment to 0.46 ppm,” Phys. Rev. Lett. 126, 141801 (2021).

[37] G. W. Bennett et al. (Muon g-2), “Final Report of the Muon E821 Anomalous Magnetic

Moment Measurement at BNL,” Phys. Rev. D 73, 072003 (2006), arXiv:hep-ex/0602035.

[38] Sz. Borsanyi et al., “Leading hadronic contribution to the muon 2 magnetic moment from

lattice QCD,” (2020), arXiv:2002.12347 [hep-lat].

[39] Christoph Lehner and Aaron S. Meyer, “Consistency of hadronic vacuum polarization be-

tween lattice QCD and the R-ratio,” Phys. Rev. D 101, 074515 (2020), arXiv:2003.04177

[hep-lat].

[40] Andreas Crivellin, Martin Hoferichter, Claudio Andrea Manzari, and Marc Montull,

“Hadronic Vacuum Polarization: (g− 2)µ versus Global Electroweak Fits,” Phys. Rev. Lett.

125, 091801 (2020), arXiv:2003.04886 [hep-ph].

[41] Alexander Keshavarzi, William J. Marciano, Massimo Passera, and Alberto Sirlin, “Muon

g − 2 and ∆α connection,” Phys. Rev. D 102, 033002 (2020), arXiv:2006.12666 [hep-ph].

[42] Eduardo de Rafael, “Constraints between ∆αhad(M2
Z) and (gµ− 2)HVP,” Phys. Rev. D 102,

056025 (2020), arXiv:2006.13880 [hep-ph].

20

http://dx.doi.org/10.1103/PhysRevD.100.034520
http://arxiv.org/abs/1903.09471
http://dx.doi.org/ 10.1016/j.physletb.2019.134994
http://arxiv.org/abs/1908.03331
http://dx.doi.org/10.1007/JHEP03(2020)101
http://arxiv.org/abs/1910.13432
http://dx.doi.org/ 10.1103/PhysRevLett.124.132002
http://arxiv.org/abs/1911.08123
http://dx.doi.org/10.1016/j.physletb.2014.06.012
http://dx.doi.org/10.1016/j.physletb.2014.06.012
http://arxiv.org/abs/1403.7512
http://dx.doi.org/10.1103/PhysRevLett.126.141801
http://dx.doi.org/ 10.1103/PhysRevD.73.072003
http://arxiv.org/abs/hep-ex/0602035
http://arxiv.org/abs/2002.12347
http://dx.doi.org/10.1103/PhysRevD.101.074515
http://arxiv.org/abs/2003.04177
http://arxiv.org/abs/2003.04177
http://dx.doi.org/10.1103/PhysRevLett.125.091801
http://dx.doi.org/10.1103/PhysRevLett.125.091801
http://arxiv.org/abs/2003.04886
http://dx.doi.org/ 10.1103/PhysRevD.102.033002
http://arxiv.org/abs/2006.12666
http://dx.doi.org/10.1103/PhysRevD.102.056025
http://dx.doi.org/10.1103/PhysRevD.102.056025
http://arxiv.org/abs/2006.13880


[43] Peisi Huang and Carlos E. M. Wagner, “Blind Spots for neutralino Dark Matter in the MSSM

with an intermediate mA,” Phys. Rev. D 90, 015018 (2014), arXiv:1404.0392 [hep-ph].

[44] Manimala Chakraborti, Sven Heinemeyer, and Ipsita Saha, “Improved (g−2)µ Measurements

and Supersymmetry,” Eur. Phys. J. C 80, 984 (2020), arXiv:2006.15157 [hep-ph].

[45] Manimala Chakraborti, Sven Heinemeyer, and Ipsita Saha, “Improved (g−2)µ Measurements

and Wino/Higgsino Dark Matter,” (2021), arXiv:2103.13403 [hep-ph].

[46] Yu-Feng Zhou and Yue-Liang Wu, “Lepton flavor changing scalar interactions and muon

g-2,” Eur. Phys. J. C 27, 577–585 (2003), arXiv:hep-ph/0110302.

[47] Vernon Barger, Cheng-Wei Chiang, Wai-Yee Keung, and Danny Marfatia, “Proton size

anomaly,” Phys. Rev. Lett. 106, 153001 (2011), arXiv:1011.3519 [hep-ph].

[48] Chien-Yi Chen, Hooman Davoudiasl, William J. Marciano, and Cen Zhang, “Implications

of a light “dark Higgs” solution to the g?-2 discrepancy,” Phys. Rev. D 93, 035006 (2016),

arXiv:1511.04715 [hep-ph].

[49] Brian Batell, Nicholas Lange, David McKeen, Maxim Pospelov, and Adam Ritz, “Muon

anomalous magnetic moment through the leptonic Higgs portal,” Phys. Rev. D 95, 075003

(2017), arXiv:1606.04943 [hep-ph].

[50] Hooman Davoudiasl and William J. Marciano, “A Tale of Two Anomalies,” (2018),

arXiv:1806.10252 [hep-ph].

[51] Jia Liu, Carlos E. M. Wagner, and Xiao-Ping Wang, “A light complex scalar for the electron

and muon anomalous magnetic moments,” JHEP 03, 008 (2019), arXiv:1810.11028 [hep-ph].

[52] J. K. Ahn et al. (KOTO), “Study of the KL→π0νν Decay at the J-PARC KOTO Experi-

ment,” Phys. Rev. Lett. 126, 121801 (2021), arXiv:2012.07571 [hep-ex].

[53] Jia Liu, Navin McGinnis, Carlos E. M. Wagner, and Xiao-Ping Wang, “A light scalar

explanation of (g − 2)µ and the KOTO anomaly,” JHEP 04, 197 (2020), arXiv:2001.06522

[hep-ph].

[54] Roel Aaij et al. (LHCb), “Measurement of the B0
s → µ+µ− branching fraction and effec-

tive lifetime and search for B0 → µ+µ− decays,” Phys. Rev. Lett. 118, 191801 (2017),

arXiv:1703.05747 [hep-ex].

[55] Wolfgang Altmannshofer and Peter Stangl, “New Physics in Rare B Decays after Moriond

2021,” (2021), arXiv:2103.13370 [hep-ph].

[56] W. J. Marciano, A. Masiero, P. Paradisi, and M. Passera, “Contributions of axionlike parti-

21

http://dx.doi.org/10.1103/PhysRevD.90.015018
http://arxiv.org/abs/1404.0392
http://dx.doi.org/ 10.1140/epjc/s10052-020-08504-8
http://arxiv.org/abs/2006.15157
http://arxiv.org/abs/2103.13403
http://dx.doi.org/ 10.1140/epjc/s2003-01137-1
http://arxiv.org/abs/hep-ph/0110302
http://dx.doi.org/10.1103/PhysRevLett.106.153001
http://arxiv.org/abs/1011.3519
http://dx.doi.org/10.1103/PhysRevD.93.035006
http://arxiv.org/abs/1511.04715
http://dx.doi.org/10.1103/PhysRevD.95.075003
http://dx.doi.org/10.1103/PhysRevD.95.075003
http://arxiv.org/abs/1606.04943
http://arxiv.org/abs/1806.10252
http://dx.doi.org/10.1007/JHEP03(2019)008
http://arxiv.org/abs/1810.11028
http://dx.doi.org/ 10.1103/PhysRevLett.126.121801
http://arxiv.org/abs/2012.07571
http://dx.doi.org/ 10.1007/JHEP04(2020)197
http://arxiv.org/abs/2001.06522
http://arxiv.org/abs/2001.06522
http://dx.doi.org/10.1103/PhysRevLett.118.191801
http://arxiv.org/abs/1703.05747
http://arxiv.org/abs/2103.13370


cles to lepton dipole moments,” Phys. Rev. D94, 115033 (2016), arXiv:1607.01022 [hep-ph].

[57] Martin Bauer, Matthias Neubert, Sophie Renner, Marvin Schnubel, and Andrea Thamm,

“Axionlike Particles, Lepton-Flavor Violation, and a New Explanation of aµ and ae,” Phys.

Rev. Lett. 124, 211803 (2020), arXiv:1908.00008 [hep-ph].

[58] Jia Liu, Navin McGinnis, Carlos E. M. Wagner, and Xiao-Ping Wang, “Challenges for a

QCD Axion at the 10 MeV Scale,” (2021), arXiv:2102.10118 [hep-ph].

[59] John F. Gunion, “A Light CP-odd Higgs boson and the muon anomalous magnetic moment,”

JHEP 08, 032 (2009), arXiv:0808.2509 [hep-ph].

[60] Kristjan Kannike, Martti Raidal, David M. Straub, and Alessandro Strumia, “Anthropic so-

lution to the magnetic muon anomaly: the charged see-saw,” JHEP 02, 106 (2012), [Erratum:

JHEP 10, 136 (2012)], arXiv:1111.2551 [hep-ph].

[61] Radovan Dermisek and Aditi Raval, “Explanation of the Muon g-2 Anomaly with Vec-

torlike Leptons and its Implications for Higgs Decays,” Phys. Rev. D 88, 013017 (2013),

arXiv:1305.3522 [hep-ph].

[62] Radovan Dermisek, Keith Hermanek, and Navin McGinnis, “Muon g−2 in two Higgs doublet

models with vectorlike leptons,” (2021), arXiv:2103.05645 [hep-ph].

[63] Martin Bauer and Matthias Neubert, “Minimal Leptoquark Explanation for the RD(∗) , RK

, and (g − 2)g Anomalies,” Phys. Rev. Lett. 116, 141802 (2016), arXiv:1511.01900 [hep-ph].

[64] Andreas Crivellin, Dario Mueller, and Francesco Saturnino, “Correlating h → µ+µ− to

the Anomalous Magnetic Moment of the Muon via Leptoquarks,” (2020), arXiv:2008.02643

[hep-ph].

[65] Andreas Crivellin, Christoph Greub, Dario Müller, and Francesco Saturnino, “Scalar Lep-

toquarks in Leptonic Processes,” JHEP 02, 182 (2021), arXiv:2010.06593 [hep-ph].

[66] Gudrun Hiller, Dennis Loose, and Ivan Nǐsandžić, “Flavorful leptoquarks at the LHC and
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