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Now that the Fermilab muon 𝑔 − 2 experiment has released the results of its Run-1 data, which
agrees with the results of the Brookhaven experiment, one can examine the potential of simple
extensions to explain the combined 4.2𝜎 discrepancy between the SM prediction and experiment.
This proceeding examines a single-, two-, and three-field extension of the standard model and
examines their ability to explain the muon 𝑔 − 2 anomaly, and where possible, produce a dark
matter candidate particle with the observed relic density. This is based on work carried out for
Ref. [1]. It is found that one can only explain the 𝑎𝜇 discrepancy whilst avoiding dark matter
and collider constraints when the contributions from BSM fields benefit from a chirality flip
enhancement. However, in general without small couplings and/or large masses, these models can
be heavily constrained by collider and dark matter experiments.
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Simple BSM explanations of 𝑎𝜇 in light of the FNAL muon 𝑔 − 2 measurement Douglas Jacob

1. Introduction

Recently experimentalists at Fermilab [2] published the first results of their measurement of
the anomalous magnetic moment of the muon 𝑎FNAL

𝜇 , which when combined with the experimental
result 𝑎BNL

𝜇 from Brookhaven [3] is:

𝑎2021
𝜇 = (116592061 ± 41) × 10−11. (1)

This differs with the prediction for 𝑎𝜇 from the Muon 𝑔 − 2 Theory Initiative in the standard model
(SM) of 𝑎SM

𝜇 = (116591810 ± 43) × 10−11 [4] by Δ𝑎2021
𝜇 = (251 ± 59) × 10−11, about 4.2𝜎. While

this is not quite large enough to confirm the existence of new physics beyond the SM (BSM) causing
the discrepancy, it confirms there is tension between the SM and experiment.

There has been an abundance of analysis produced providing BSM explanations of the Δ𝑎2021
𝜇

discrepancy. For a thorough review of the community’s attempt to explain the Δ𝑎𝜇 discrepancy see
Ref. [1]. In addition to supersymmetric explanations of Δ𝑎𝜇 using the MSSM, single and two field
extensions of the SM were thoroughly examined, as well as several three field models, coupling
fields directly to the muon. In this proceeding, we focus on three BSM models from Ref. [1] which
are able to explain 𝑎2021

𝜇 . These models are simple extensions of the SM, coupling one, two, or three
fields to the muon to provide contributions to 𝑎𝜇 at the first loop order. In this proceeding we show
the parameter space of each of these three models which can still explain the 𝑎2021

𝜇 discrepancy,
whilst avoiding collider and other constraints. Preferably we aim to provide a DM candidate particle
with the correct abundance where possible.

2. Models

The scalar leptoquark we examine in this proceeding is 𝑆1. Here it is defined to be a top- and
muon-philic leptoquark, coupling only to the 3rd and 2nd generations of SM quarks and leptons:

L𝐿𝑄 = −(𝜆𝑄𝐿𝑄3 · 𝐿2𝑆1 + 𝜆𝑡 𝜇𝑡𝜇𝑆
∗
1 + ℎ.𝑐.) − 𝑀2

𝑆1
|𝑆2

1 |, (2)

where 𝑄3 = (𝑡𝐿 , 𝑏𝐿)𝑇 , 𝐿2 = (𝜈𝜇𝐿 , 𝜇𝐿)𝑇 , 𝑡 = 𝑡
†
𝑅

, 𝜇 = 𝜇
†
𝑅

. With these couplings to the SM, the
dominant Δ𝑎𝜇 contributions involve a chirality flip enhancement 𝑚𝑡/𝑚𝜇, and they simplify to (the
loop functions 𝐶 and 𝐹 are defined in Ref. [1]):

Δ𝑎
LQ
𝜇 ≈

𝑚𝜇𝑚𝑡𝜆𝑄𝐿𝜆𝑡 𝜇

16𝜋2𝑀2
𝑆1

(
2𝑄𝑡𝐹

(
𝑚2

𝑡

𝑀2
𝑆1

)
−𝑄𝑆1𝐶

(
𝑚2

𝑡

𝑀2
𝑆1

))
. (3)

Of the simple BSM models in Ref. [1] with two fields of different spin which can provide con-
tributions to 𝑎𝜇 whilst avoiding collider constraints, this proceeding includes the below extension:

L2 = (𝜆𝐿𝐿2.𝜓𝑑𝜙 − 𝑀𝜓𝜓
𝑐
𝑑𝜓𝑑 + ℎ.𝑐.) −

𝑀2
𝜙

2
𝜙2, (4)

which involves a scalar singlet 𝜙 paired with a 𝑆𝑈 (2)𝐿 fermion doublet 𝜓𝑑 . Under an introduced 𝑍2
symmetry the fields 𝜓𝑑 and 𝜙 are odd while the SM fields are even, and the DM candidate particle
is the scalar singlet. The contribution to 𝑎𝜇 from these couplings is given by:

Δ𝑎2
𝜇 = −𝑄𝜓

𝜆2
𝐿

32𝜋2

𝑚2
𝜇

6𝑀2
𝜙

𝐸

(
𝑀2

𝜓

𝑀2
𝜙

)
. (5)
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Like contributions from other models with two particles of different spin, this contribution does not
get a chirality flip enhancement (of the form 𝑀𝜓/𝑀𝜙 or any other), which will impact the ability
of the model to explain Δ𝑎𝜇 later.

The three field extension of the SM that we examine involves coupling a scalar 𝑆𝑈 (2)𝐿 singlet
𝜙0
𝑠, scalar doublet 𝜙𝑑 , and a charged fermion singlet 𝜓𝑠, with the following couplings to the SM:

L3 = (𝑎𝐻𝐻.𝜙𝑑𝜙
0
𝑠 + 𝜆𝐿𝜙𝑑 .𝐿𝜓𝑠 + 𝜆𝑅𝜙

0
𝑠𝜇𝜓

𝑐
𝑠 − 𝑀𝜓𝜓

𝑐
𝑠𝜓𝑠 + ℎ.𝑐.) − 𝑀2

𝜙𝑑
|𝜙𝑑 |2 −

𝑀2
𝜙𝑠

2
|𝜙0

𝑠 |2. (6)

Just like the two field model, all SM/BSM fields are even/odd under a 𝑍2 symmetry. After
electroweak symmetry-breaking, the scalar singlet mixes with the neutral component of the doublet
𝜙0
𝑠, 𝜙

0
𝑑
→ 𝜙0

1, 𝜙
0
2, where 𝜙0

1 is the DM candidate particle. The dominant BSM contributions to 𝑎𝜇

in this model again involve a chirality flip enhancement (𝐹̃𝑎 is defined in Ref. [1]):

Δ𝑎3
𝜇 ≈ −

𝑚2
𝜇

32𝜋2𝑀2
𝜓

2
√

2𝜆𝐿𝜆𝑅𝑎𝐻𝑣

𝑚𝜇𝑀𝜓

𝐹̃𝑎

(
𝑀2

𝜓

𝑀2
𝜙0

1

,
𝑀2

𝜓

𝑀2
𝜙0

2

)
. (7)

3. Results

The contributions to 𝑎𝜇 from the leptoquark 𝑆1 defined in Eq. (2) are shown in Fig. 1, which
are calculated using FlexibleSUSY [5]. In the left and middle panels we have fixed a coupling to
𝜆𝑡 𝜇 = 0.1 and 0.2. Then the points which can explain Δ𝑎2021

𝜇 have a quadratic relationship between
𝜆𝑄𝐿 and 𝑀𝐿𝑄, as indicated by Eq. (3). However, there are constraints on the parameter space from
LHC leptoquark searches [6], placing a rough lower limit of 𝑀𝐿𝑄 ≳ 1400 GeV. Furthermore, points
with higher couplings are disfavoured since they give a contribution to the muon mass which shifts
it outside the bounds of 𝑚𝜇 ∈ [𝑚𝜇,pole/2, 2𝑚𝜇,pole], requiring fine-tuning. The right panel of Fig. 1
shows a profile over the leptoquark’s mass 𝑀𝐿𝑄, excluding points which violate LHC constraints.
Overall, explaining Δ𝑎2021

𝜇 whilst avoiding LHC constraints requires 𝜆𝑄𝐿 × 𝜆𝑡 𝜇 ≳ 0.003, but to
avoid having a fine-tuned 𝑚𝜇, we get an upper bound on the couplings.

The contributions to 𝑎𝜇 from the two fields extension of the SM defined in Eq. (4) are shown
in Fig. 2. In the left panel, we fixed 𝜆𝐿 = 2.5 and scanned over the masses 𝑀𝜓 and 𝑀𝜙. We can
explain the Δ𝑎2021

𝜇 discrepancy in the regions curved in a parabola, following the ratio relationship
between the BSM masses shown in Eq. (5). However, these regions are almost completely excluded
by constraints from the LHC searches in Ref. [7, 8] and Ref. [9].

Futhermore, the strong LHC constraints exclude a simultaneous explanation of Δ𝑎2021
𝜇 and

DM. The masses which produce a DM candidate particle with the Planck-observed relic density
of Ωℎ2 = 0.1200 ± 0.0020 [10] are indicated by the red line. In the left panel of Fig. 2, the LHC
constraints rule out all the masses with the observed DM relic density. If we profile over the
couplings 𝜆𝐿 between the BSM fields and the muon in the middle panel using a targeted MultiNest
3.10 scan [11], then we can explain Δ𝑎2021

𝜇 in two small regions of parameter space between the
LHC searches, making future compressed spectra searches important for fully excluding this model.
However, this only requires that the DM candidate particle not be over abundant. If we require that
the relic density matches the Planck observation, as in the right panel, then the masses produce
a contribution which explains Δ𝑎2021

𝜇 is excluded by LHC constraints. This arises because the
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Figure 1: Contributions to 𝑎𝜇 from the leptoquark 𝑆1 defined in Eq. (2). The yellow and green regions
indicate the points which can explain the discrepancies Δ𝑎BNL

𝜇 and Δ𝑎2021
𝜇 from Eq. (1) within 1𝜎, while

the lime green region indicates the overlap. The black line indicates points which provide a contribution
which exactly explains 𝑎2021

𝜇 . Points constrained by LHC searches for leptoquarks are shaded grey [6]. The
left panels have regions shaded cyan indicating points disfavoured by muon mass fine-tuning considerations.
The right panel shows a profile over the leptoquark mass 𝑀𝐿𝑄, and points which can explain the Δ𝑎BNL

𝜇 ,
Δ𝑎2021

𝜇 discrepancies and their overlap whilst avoiding fine-tuning are shown in cyan, dark blue and blue
respectively.

contribution to 𝑎𝜇 in Eq. (5) has no chirality flip enhancement, requiring small masses to explain
the anomaly, putting it into conflict with collider constraints.
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Figure 2: Contributions to 𝑎𝜇 from extending the SM with two fields defined in Eq. (4). The colours for
𝑎𝜇 contributions are the same as in Fig. 1. The red line indicates masses which produce a DM relic density
matching the Planck observation in Ref. [10] calculated using micrOMEGAs 5.2.1 [12]. Points above this
line have an under abundant relic density, while points under the line are over abundant and strongly excluded.
Constraints from the LHC searchs in Refs. [7, 8] calculated using SModelS 1.2.3 [13] are indicated by the
region shaded grey, while compressed spectra search constraints from Ref. [9] calculated using CheckMATE
2.0.26 [14] are shaded orange. The region with charged DM is shaded cyan. The middle and right panels
profile over 𝜆𝐿 , where the middle panel excludes points with over abundant relic density, and the right panel
only shows points with relic density within 1𝜎 of the Planck observation.

The three fields model defined in Eq. (6) does however have a chirality flip enhancement for
its contributions to 𝑎𝜇 in Eq. (7), which depends on the product of the couplings 𝜆𝐿 × 𝜆𝑅. The
left panel of Fig. 3 shows the scenario where all of the BSM fields have equal masses. Due to the
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large masses of the BSM fields, we can avoid constraints from collider searches. However, since the
BSM masses are all set to the same value, 1.5 TeV, almost all possible DM depletion mechanisms
are turned on, leading to quite large constraints from the Xenon1T [15] direct detection experiment
(calculated through DDCalc 2.2.0 [16]). Points with smaller couplings are excluded by an over
abundant relic density. We can turn off many of these DM depletion mechanisms by splitting the
masses, as shown in the middle panel, where the scalar doublet 𝜙𝑑 is made 200 GeV lighter than the
other BSM masses. Then the DM candidate 𝜙0

1 becomes doublet-dominated, and singlet depletion
mechanisms depending on 𝜆𝑅 weaken, leading to the DM relic density depending much more on
𝜆𝐿 , while the direct detection constraints weaken.

The right panel of Fig. 3 shows a profile over the values 𝑀 ∈ [0, 5000] GeV, 𝑎𝐻 ∈ [0, 5000]
GeV, and |𝜆𝐿,𝑅 | ∈ [0, 1.5] using a MultiNest scan. Points which violated direct detection con-
straints, or produced a DM candidate with a relic density that did not match the Planck observation
were discarded. It was found that the product of couplings needed to be at least |𝜆𝐿 × 𝜆𝑅 | ≳ 0.22
to explain Δ𝑎2021

𝜇 and DM simultaneously. This lower limit comes from the depletion of doublet-
dominated DM from 𝑆𝑈 (2)𝐿 interactions, and the inability of singlet-dominated DM to explain the
𝑎𝜇 anomaly and DM simultaneously. For DM which is a strong mixture of the singlet and doublet,
the lower bound is set through depletion via 𝑎𝐻 and strengthened direct detection constraints.
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Figure 3: Contributions to 𝑎𝜇 from extending the SM with three fields defined in Eq. (6). The colours for
𝑎𝜇 contributions are the same as in Fig. 1. In the left panels, points with an over abundant DM relic density
are indicated with the red hatched region, while the region constrained by direct detection searches at the
Xenon1T experiment (see Ref. [15]) is shaded orange. The right panel is a profile over all the BSM masses
and the coupling 𝑎𝐻 , where points which are ruled out by direct detection searches or have a relic density
more than 3𝜎 from the Planck observation are excluded.

4. Conclusions

The latest results from the Fermilab 𝑎𝜇 experiment have reconfirmed the discrepancy between
the SM and experiment, suggesting BSM contributions. There are many simple extensions of the
SM, and we have looked into a few which can explain the Δ𝑎2021

𝜇 . With additional higher precision
experimental results to be released in the future, more simple BSM models will be unable to explain
𝑎𝜇, and the bounds on the parameters of those which can still explain the discrepancy will tighten.
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