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We show how, in the B − L extension of the SM (BLSM) with an Inverse Seesaw (IS) mechanism for 
neutrino mass generation, a light Z ′ state with moderate couplings to SM objects, hence ‘dark’ in its 
nature, can be associated, in conjunction with light sterile neutrinos, to some present day data anomalies, 
such as the anomalous magnetic moment of the muon as well as a possible signal indicating the 
existence of sterile neutrinos in neutrino beam experiments.
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1. Introduction

Despite its huge successes, the Standard Model (SM) of particle physics has several drawbacks which require one to conceive some 
Beyond the SM (SM) physics. Its Achilles’ heel is probably the leptonic sector, though, as neutrino masses are forbidden in the SM, yet, 
experiments have verified that neutrino flavours oscillate which in turn implies that neutrinos have finite masses. Neutrinos are strictly 
massless in the SM essentially due to two reasons: (i) the absence of their right-handed eigenstates; (ii) an exact global Baryon minus 
Lepton (B − L) number conservation. However, a modification of the SM, based on the gauge group SU (3)C × SU (2)L × U (1)Y × U (1)B−L , 
nicknamed the B − L extension of the SM (BLSM), wherein the additional Abelian group is elevated to be a local symmetry, can account 
for light neutrino masses through an Inverse Seesaw (IS) mechanism [1,2]. In such a construct, the aforementioned right-handed neutrinos 
would acquire Majorana masses at the B − L symmetry breaking scale, but they are not allowed to do so by the discussed B − L gauge 
symmetry and another pair of SM gauge singlet fermions with tiny masses, of O(1 keV), must be introduced. Therefore, such a small 
scale can be considered as a slight breaking of the underlying gauge symmetry, hence, according to ’t Hooft criteria, its dynamics becomes 
natural.

One of these two singlet fermions couples to right-handed neutrinos and is involved in generating the light neutrino masses. The 
other singlet (usually called inert or sterile neutrino) is completely decoupled and interacts only through the B − L gauge boson, a Z ′ , 
ensuing from the spontaneous breaking of the additional U (1)B−L group [3], so that it may account for warm Dark Matter (DM) [4] (see 
also Ref. [5]), the lack of a viable candidate for it being another significant flaw of the SM. This construct, BLSM-IS for short, predicts 
several testable signals at the Large Hadron Colider (LHC) through some of the new particles that it embeds: the Z ′ (neutral gauge boson) 
associated with U (1)B−L , an extra Higgs boson (h′ , in fact, an additional (pseudo)scalar singlet state is introduced to break the gauge 
group U (1)B−L spontaneously) and heavy neutrinos (νh , which are required to cancel the associated new gauge anomalies and are thus 
necessary for the consistency of the whole model).

Ref. [6] reviewed the LHC potential to access the BLSM-IS, including its Supersymmetric extension [7–9], when the Z ′ mass is of 
order TeV and such a state is relatively strongly coupled to SM states. In this paper, we aim instead at considering the case of a very 
light Z ′ , of MeV scale, very mildly coupled to SM objects, specifically, whether it can be responsible, together with the aforementioned 
sterile neutrinos, of data anomalies that have emerged from the E821 experiment at BNL and the Muon g − 2 one at FNAL as well as the 
MiniBooNE (MB) collaboration also at FNAL. In fact, the former two hinted at statistically significant deviations from the SM predictions 
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Table 1
B − L quantum numbers for the BLSM-IS model.

Particle lL lR Q L uR dR νR φ χ S1 S2

B − L charge -1 -1 1
3

1
3

1
3 -1 0 -1 -2 +2

of the anomalous magnetic moment of the muon, (g − 2)μ for short, which could be explained by a very light Z ′ state, while the latter 
one was taken as a sign of the possible existence of sterile neutrinos.

The plan of the paper is as follows. In the next section, we describe the BLSM-IS. In Sect. 3, we discuss both direct and indirect 
experimental constraints on light Z ′ and sterile neutrino states. We then move on to present our results for (g − 2)μ . After this, we 
discuss our explanation for the MB excess. Finally, in the last section, we present our summary.

2. The model

To start with, in the BLSM-IS that we consider here, we assume that the SM singlet scalar χ , which spontaneously breaks U (1)B−L , has 
B − L charge = −1. Also, the three pairs of SM singlet fermions, S1,2 with B − L charge = ∓2, respectively, are introduced (see Table 1, 
wherein lL,R refer to leptons, Q L, uR , dR identify quarks and φ is the Higgs state of the SM). Limited to the leptonic sector, the BLSM-IS 
Lagrangian is given by

L(B−L) = −1

4
F ′
μν F ′μν + il̄L Dμγ μlL + il̄R Dμγ μlR + i S̄1 R Dμγ μS1 + i S̄2 R Dμγ μS2 + iν̄R Dμγ μνR

+ (Dμφ)†(Dμφ) + (Dμχ)†(Dμχ) − V (φ,χ) −
(
λll̄LφlR + λν l̄L φ̃νR + λsν̄Rχ S2

)
+ h.c.,

(1)

with φ̃ = iσ 2φ∗ . Using the unitary gauge parameterisation, the kinetic terms become(
Dμφ

)† (
Dμφ

) = 1

2
∂μh∂μh + 1

8
(φ + υ)2

[
g2|W μ

1 − iW μ
2 |2 + (

gW μ
3 − g1 Bμ − g̃ B ′μ)2

]
(2)

and (
Dμχ

)† (
Dμχ

) = 1

2
∂μh′∂μh′ + 1

2

(
h′ + υ ′)2 (2g(B−L)B ′μ) , (3)

where g(B−L) is the coupling strength of the new Z ′ boson, g̃ is the gauge kinetic mixing parameter and υ, υ ′ are the SM and U (1)B−L

vacuum expectation values. The mass eigenstates of the gauge boson fields are linear combinations of Bμ, W μ
3 and B ′μ . The explicit 

expression for the mass mixing matrix is⎛
⎝ Bμ

W μ
3

B ′μ

⎞
⎠ =

⎛
⎝ cos θW − sin θW cos θ ′ sin θW sin θ ′

sin θW cos θW cos θ ′ − cos θW sin θ ′
0 sin θ ′ cos θ ′

⎞
⎠

⎛
⎝ Aμ

Zμ

Z ′μ

⎞
⎠ , (4)

with θW the weak mixing angle while −π
4 ≤ θ ′ ≤ −π

4 such that

tan 2θ ′ =
2g̃

√
g2 + g2

1

g̃ + 16
(

υ ′
υ

)2
g2
(B−L) − g2 − g2

1

. (5)

The neutral gauge boson masses are determined by fixing the values of the new parameters as

M Z ,Z ′ =
υ
√

g2 + g2
1

2

⎡
⎢⎣1

2

⎛
⎜⎝ g̃2 + 16

(
υ ′
υ

)2
g2
(B−L)

g2 + g2
1

+ 1

⎞
⎟⎠∓ g̃

sin 2θ ′
√

g2 + g2
1

⎤
⎥⎦

1
2

. (6)

In the BLSM-IS model, the Majorana neutrino Yukawa interaction induces the masses onto the SM neutrinos after U (1)B−L symmetry 
breaking via the Lagrangian terms

Lν = mD ν̄LνR + mN ν̄R S2 + h.c , (7)

with a Dirac mass mD = 1√
2
λνυ and a Majorana mass mN = 1√

2
λSυ

′ . The 9 × 9 neutrino mass matrix can be written as

Mν =
⎛
⎝ 0 mD 0

mT
D 0 mN

0 mT
N μs

⎞
⎠ . (8)

In order to avoid a possible large mass term mS1 S2 in the Lagrangian, that would spoil the IS structure, one assumes a Z2 symmetry 
under which νR , χ, S2 and the SM particles are even while S1 is an odd particle. The neutrino mass matrix Mν can be diagonalised by 
the matrix V as1

1 Assuming there are no complex Majorana phases and the Lagrangian parameters are real.
2
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V T Mν V = Mdiag
ν , (9)

with V a 9 × 9 matrix defined as [10]

V =
(

V 3×3 V 3×6
V 6×3 V 6×6

)
. (10)

The upper 3 × 3 block are the parameters for the effective Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix with its elements given by

V 3×3 =
(

1 − 1

2
θ T θ

)
UPMNS, (11)

in terms of the actual one. The off-diagonal blocks of the V matrix are defined via

V 3×6 = (03×3, θ) V 6×6 , (12)

with θ ∼ mDm−1
N . The matrix V 6×6 diagonalises the right-handed Majorana neutrinos and S2. The diagonalisation of the entire neutrino 

mass matrix leads to the following light and heavy neutrino masses:

mlight ∼ mDm−1
N μs(m

T
N)−1mT

D ,

mheavy ∼
(

m2
N + m2

D

) 1
2

,
(13)

with the latter being pair degenerate. With this structure, the light neutrinos can be of order eV, as required by flavour oscillation 
experiments, and, with a small μs value, the ensuing Yukawa coupling is no longer restricted to be very small, indeed, it can be of order 
one. Moreover, the mixing between light and heavy neutrinos is constrained from lepton flavour violation measurements to be of order 
O(0.01) as discussed in [11–13] and references therein.

The tree level coupling of the Z ′ with charged and neutral fermions is expressed as

g(Z ′ l̄i l j)
= iδi j

2

[
2
(

g(B−L) cos θ ′ + g̃ sin θW sin θ ′)+ g1 sin θW sin θ ′ − g2 cos θW sin θ ′]γ μ

(
1 − γ5

2

)

+ iδi j
[

g(B−L) cos θ ′ + (g1 + g̃) sin θW sin θ ′]γ μ

(
1 + γ5

2

)
, (14)

while the ones with active and sterile (light and heavy) neutrinos are given by

g(Z ′,νi ,ν j) = i

2

{[
2g(B−L) cos θ ′ + (2g̃ + g1) sin θW sin θ ′ + g2 cos θW sin θ ′] 3∑

a=1

V ∗
ja V ia

− [
2g(B−L) cos θ ′ + 2g̃ sin θW sin θ ′] 3∑

a=1

V ∗
j3+a V i3+a

}
γ μ

(
1 − γ5

2

)
+

+ (− i

2
)

{[
2g(B−L) cos θ ′ + (2g̃ + g1) sin θW sin θ ′ + g2 cos θW sin θ ′] 3∑

a=1

V ∗
ia V ja

− [
2g(B−L) cos θ ′ + 2g̃ sin θW sin θ ′] 3∑

a=1

V ∗
i3+a V j3+a

}
γ μ

(
1 + γ5

2

)
,

(15)

with θ ′ constrained from LEP experiment to be ∼ 3 × 10−3 [14].

3. Direct and indirect constraints on light Z ′ and sterile neutrinos

In this section we discuss the direct and the indirect constraints for low mass Z ′ and sterile neutrinos. In Fig. 1 we show the most 
severe constraints on the light Z ′ mass as a function of the Z ′ gauge coupling g(B−L) and the gauge kinetic mixing parameter g̃ from 
existing low energy experiments. To recast these bounds on those applicable to our model we used the method of Ref. [15] and produced 
Fig. 1 by using the code advertised in the same paper. The key here is that low energy experiments setting bounds on the low mass 
photon (a dark photon, A′) considered therein also set limits on a light dark Z ′ , so long that one accounts for the gauge kinetic mixing 
and axial coupling. Recasting a dark photon search that used the final state F in constraints onto our model can be done, for each Z ′
mass, by equating the upper limit total cross section of dark photon models to the Z ′ one in our model as follows:

σZ ′ × BR(Z ′ → F ) × εZ ′ = σA′ × BR(A′ → F ) × εA′ , (16)

with σZ ′/A′ being the production cross section and BR(Z ′/A′ → F ) the Branching Ratio (BR) of the light gauge boson into the final state F
while εZ ′/A′ is the detector efficiency. Therefore, one can see that, in order to recast the aforementioned experimental limits in terms of 
our model parameters, we only need the ratios σZ ′/σA′ , BR(Z ′ → F )/BR(A′ → F ) and εZ ′/εA′ .
3
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Fig. 1. Bounds on the plane (g̃, g(B−L)) for different Z ′ mass values in the BLSM-IS for fixed θ ′ = 3 × 10−3. The allowed region is the non-shaded area with allowed values of 
M Z ′ less than each corresponding value (in GeV) on the red dots.

In the following, we are going to discuss how these ratios can be obtained for each experiment.

• The BaBar detector at the PEP-II B-factory [16] has collected 53 fb−1 of e−e+ collisions looking for events with a single high-energy 
photon and large missing (transverse) momentum or energy which is consistent with the process e−e+ → γ X and X → invisible, with 
X being a light gauge boson with spin equal to 1. Further, in [17], the BaBar experiment searched for a single high energy photon 
plus a dilepton final state, e−e+ → γ X and X → l̄l, with l = e, μ. In both searches no statistically significant deviations from the SM 
predictions have been observed and a 90% Confidence Level (CL) upper limit on the light gauge boson coupling to leptons in the mass 
range of 0.02 − 10.2 GeV has been set. Recasting this limit onto our model we obtain

g2
Z ′ × BR(Z ′ → ll)

g2
X × BR(X → ll)

= 1 , (17)

with gZ ′ being the Z ′ coupling to charged and neutral leptons, eqs. (1) and (15), and g X being the measured gauge boson coupling 
to charged and neutral leptons.

• The A1 Collaboration at the Mainz Microtron (MAMI) [18] searched for the signal of a new light U (1) gauge boson in electron-positron 
pair production. Since no deviation from the SM value for the corresponding cross section has been observed, A1 set a limit on the 
light gauge boson coupling over the mass range 40 − 300 MeV. To recast this limit on our model parameters, we have again made use 
of eq. (17).

• Electron beam dump experiments (like E141, E774 and those at KEK and Orsay) also have sensitivity to a new light gauge boson. An 
overview of the different electron beam dump experiments and their properties is given in [19]. For the SLAC E141 experiment [20], 
an upper limit is set for neutral particles with masses in the range 1 − 15 MeV following the non-observation of any excess above 
the SM bremsstrahlung rate for events of the type e + N → e + N + X . From the Fermilab E774 experiment [21], an upper limit for 
neutral particles which decay into electron-positron pairs was set. In the electron beam dump experiment at KEK [22], no signal was 
observed in their search for axion-like particles. The electron beam dump experiment in Orsay [23] also found no positive signal when 
looking for light Higgs bosons decaying into electron-positron pairs. Combining and reinterpreting these last three experiments, one 
is able to exclude a light boson over the mass range 1.2 − 52 MeV.

• Proton beam dump experiments, like NOMAD [24] and CHARM [25], also found no positive signal while looking for axion like-particles 
decaying to leptonic pairs, following which the 0.1 − 20 MeV mass range is also precluded to a dark photon or Z ′ .

• The NA64 experiment at the CERN SPS [26] found no deviation from the SM expectation while looking for dark photons in the process 
e−N → e−N A′ . Hence, a new limit has been set on the A′ (dark photon) mixing and the absence of invisible A′ decays excluded the 
mass range M A′ ≤ 100 MeV.

• The DELPHI experiment at LEP2 [27] analysed single photon events in looking for extra dimension gravitons. As in [28], since the 
measured single-photon cross sections are in agreement with the expectations from the SM, an upper limit on the coupling and mass 
of the dark candidate was set, the latter being above 10 GeV.

Before moving on to study the relevant experimental observables, we should mention that we have used SPheno [29,30] to generate 
the model spectrum as well as HiggsBounds and HiggsSignals [31–35] to check the constraints on the Higgs sector of it. Also, we have 
used FlavourKit [36] to check lepton flavour violation constraints.
4



A. Hammad, A. Rashed and S. Moretti Physics Letters B 827 (2022) 136945
Fig. 2. Feynman diagram for the Z ′ contribution to the muon anomalous magnetic moment.

Fig. 3. The �aZ ′
μ dependence on the two coupling g̃ and g(B−L) .

4. The muon anomalous magnetic moment

The Lande g factor for muons, and its deviation from the tree level value of 2, represents one of the most precisely measured quantities 
in the SM. Therefore, it is also an excellent probe for new physics. Currently, there exists a long standing and statistically significant 
discrepancy between its measurement and the theoretically predicted value [37–40]2:

�aμ = �aex
μ − �ath

μ = (2.51 ± 0.59) × 10−9. (18)

In this section, we focus on a light Z ′ as a means to solve the current muon anomalous magnetic moment anomaly. Following the general 
formula in [42], the interaction Lagrangian of a Z ′ with muons can be rewritten as

Lint = μ̄γ μ
(
C V + C Aγ 5)μZ ′ , (19)

where CV and C A are the vector and axial couplings introduced in eq. (14). The Z ′ modifies the muon magnetic moment via the one loop 
diagram in Fig. 2. The Z ′ contribution can be obtained as [43]

�aμ = m2
μ

4π2m2
Z ′

⎡
⎢⎢⎣C2

V

1∫
0

x2(1 − x)

1 − x + x2 m2
μ

m2
Z ′

dx − C2
A

1∫
0

x(1 − x)(4 − x) + 2x3 m2
μ

m2
Z ′

1 − x + x2 m2
μ

m2
Z ′

dx

⎤
⎥⎥⎦ , (20)

with x being the Feynman parameter. For a low mass Z ′ , its contribution to the muon anomalous magnetic moment is

�aμ 	 (m2
Z ′ C2

V − 2m2
μC2

A)

8π2m2
Z ′

. (21)

Fig. 3 shows the �aZ ′
μ dependence on the two coupling g̃ and g(B−L) . The density plot is confined between the upper and lower 

experimental values ((2.51 ± 0.59) × 10−9), respectively, of �aZ ′
μ within 1σ CL. The plot represents the allowed region of the model 

parameters that satisfies the experimental data on �aZ ′
μ . Here, |g̃| is taken from 10−4 to 10−1 with the allowed range of |g(B−L)| being 

from (9.93 −10.79) ×10−4 to (9.87 −10.86) ×10−4, respectively. The corresponding range of vector and axial couplings for M Z ′ = 30 MeV 
and |g̃| = 10−4 are |CV | = (10.14 − 10.59) × 10−4 and |C A | ≈ 1.88 × 10−4 whereas for |g̃| = 10−1 they are |CV | = (9.67 − 11.06) × 10−4

and |C A | = 1.88 × 10−4. This viable region of model parameters is also compliant with the constraints given in [43], which included the 
following ones.

2 A recent lattice calculation [41] is suggesting a somewhat different value for the (g −2)μ value, so that, if such an estimate is correct, the deviation between measurement 
and theory is smaller than 4.2σ .
5
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Fig. 4. Feynman diagram of the scattering process in the BLSM-IS which leads to the excess in MB.

1. Cosmological and astrophysical bounds: Big Bang Nucleosynthesis (BBN) [44] as well as Cosmic Microwave Background (CMB) from 
“Planck 2018” [44] in addition to the astrophysical experiments (e.g. SN1987A) studied by [45].

2. Neutrino scattering bounds: several neutrino scattering experiments results on couplings to muons and muon neutrinos, the most 
stringent ones of these being from Borexino [46] and CHARM-II [47].

Observation of energy loss in supernovae due to Z ′−μ interactions set constraints on the B − L model parameters [45,48–50]. A Z ′
mass up to 100 MeV is constrained in the (M Z ′ , g(B−L)) plane [45]. Both cosmological (BBN) and astrophysical (SN1987A) limits are model 
dependent. For instance, the chameleon effect due to the environmental matter density and late reheating can weaken the SN1987A [51]
and BBN [52] limits, respectively. In the study of the astrophysical limit, a pure Z ′ model has been considered [45], but in our model we 
have an extended scalar sector. In the presence of new scalar states, the limits on Z ′ change dramatically and can be avoided when a 
neutral state couples to a dark matter particle [53], as is the case in our model.

A model-independent fit to all such experimental data (thus including (g − 2)μ) reveals the following parameter values as viable.

1. A light Z ′ in the mass range 16 MeV � M Z ′ � 38 MeV.
2. An axial coupling of the Z ′ to electrons larger than the vector one: |C Ae| ∼ [1 − 3.2] × 10−4 > |CV e| � 7.7 × 10−5.
3. A large vector coupling to muons, 5 × 10−4 < |CV μ| � 0.05, and an axial coupling C Aμ that is smaller by at least a factor of a few.
4. Tiny Z ′ couplings to neutrinos: |Cνe , νμ | � 10−5.

We now move on to study the MB anomaly and its theoretical implications.

5. MiniBoone

In this section, we will study the anomaly registered by the MB experiment, wherein the beam primarily consists of νμ ’s produced 
via pion decay. The relevant process leading to an electron excess is νμN(k) → N(k′)ν4e+e−−, as shown in Fig. 4, where ν4,5 are sterile 
neutrinos, with mν5 > mν4 . (Previous work explaining the results in Ref. [54] using sterile neutrinos can be found in [55–71].) The process 
is mediated by the new Z ′ producing a collimated e+e− pair (producing the visible light that makes up the signal) through the decay of 
ν5 into ν4, which then makes the cross section proportional to |Uν5ν4 |2. By calculating the lifetime of ν4, it is found to be 1.76 second. 
The corresponding decay length is 5.3 × 108 m which is way greater than the MB dimension of 12.2 m. Thus, ν4 will decay away outside 
the detector. So that there is no additional EM deposition in the detector due to the ν4 decay. The form factor of the coupling of the Z ′
with nucleons N is

〈N(k′)| JμZ ′ |N(k)〉 = gB ū(k′)�μ
Z ′(k′ − k)u(k),

where k and k′ are the initial and final nucleon momenta whereas

�
μ
Z ′(q) = γ μF 1

V (q2) + i

2 mN
σμνqν F 2

V (q2). (22)

The isoscalar form factors F 1
V (q2) and F 2

V (q2) for the nucleon are given by [72]

F 1
V (q2)

F D(q2)
= 1 − q2(ap + an)

4m2
N − q2

,
F 2

V (q2)

F D(q2)
= 4m2

N(ap + an)

4m2
N − q2

, (23)

where mN = 0.938 GeV, F D(q2) = (1 −q2/0.71 GeV2)−2 with ap ≈ 1.79 and an ≈ −1.91 being coefficients related to the magnetic moments 
of the proton and neutron, respectively.

The total differential cross section has two components, an incoherent and a coherent one, which we will both consider. The total 
differential cross section, for the target in MB, i.e., CH2, is given by
6
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(
dσ

dEh′

)
CH2

= 14 ×
(

dσ

dEh′

)
︸ ︷︷ ︸

incoherent

+144 × exp(2b(k′ − k)2)

(
dσ

dEh′

)
︸ ︷︷ ︸

coherent

. (24)

The incoherent contribution from the single nucleon cross section is multiplied by the total number of the nucleons present in CH2, i.e., 
14. However, the entire carbon nucleus contributes to the coherent process weighted by the exponential factor exp(2b(k′ − k)2) [73], 
where b is a numerical parameter, which for C12 has been found to be 25 GeV−2 [74,73]. The coherent process decreases as q2 = (k′ − k)2

increases, where q2 is negative.
The number of events is given by [75]

Nevents = η

∫
dEνdEν5

d�ν

dEν

dσ

dEν5

× BR(ν5 → ν4 Z ′) × BR(Z ′ → e−e+) × n, (25)

with Eh′ ∈ [Eh′ , Eh′ +�Eh′ ] and where �ν is the incoming muon neutrino flux. Here, n is the number of nuclei in the fiducial volume of the 
detector. In the case of MB, the target is 818 tons of mineral oil (CH2) with atomic mass 14 [54], as mentioned, so that n = 3.5174 × 1031. 
Furthermore, η = 0.2 contains all the detector related information like efficiencies, Protons-on-Target (POT), etc. The latest data set for the 
neutrino mode, corresponding to 18.75 × 1020 POT, as detailed in [54,75], has been used in our fit. Finally, for these values, the calculated 
lifetimes of the ν5 and Z ′ states in their rest frame are 10−17 s and 1.8 × 10−12 s, respectively.

The value of Eν5 is related to the visible energy, Evis = Ee+ + Ee− , as follows

Eν5 =
E Z ′

(−M2
ν4

+ M2
ν5

+ M2
Z ′
) −

√(
E2

Z ′ − M2
Z ′
)(

M4
ν4

− 2M2
ν4

(
M2

ν5
+ M2

Z ′
)+ (

M2
ν5

− M2
Z ′
)2
)

2M2
Z ′

. (26)

Furthermore, the Mandelstam variables in terms of the neutrino(lepton) energy Eν (El) are

s = M2 + 2M Eν,

t = 2M(El − Eν),

s − u = 4M Eν + t − m2
l . (27)

Then, t and El lie in the intervals

m2
l − 2Ecm

ν

(
Ecm

l + pcm
l

) ≤ t ≤ m2
l − 2Ecm

ν

(
Ecm

l − pcm
l

)
, (28)

Eν + m2
l − 2Ecm

ν (Ecm
l + pcm

l )

2M
≤ El ≤ Eν + m2

l − 2Ecm
ν (Ecm

l − pcm
l )

2M
, (29)

where the energy and momentum of the neutrino and lepton in the center of mass (cm) system are

Ecm
ν = (s − M2)

2
√

s
,

pcm
l =

√
(Ecm

l )2 − m2
l ,

Ecm
l = (s − M2 + m2

l )

2
√

s
. (30)

The threshold neutrino energy to create the charged lepton partner is given by

Eth
νl

= (ml + Mp)2 − M2
n

2Mn
, (31)

where ml, Mp and Mn are the masses of the charged lepton, proton and neutron, respectively.
The differential cross section in the laboratory frame is given by

dσtot(νl)

dt
= |M̄|2

32π E2
ν M2

f (t), (32)

where

f (t) = M

2(Eν + M) − Eν5
p2
ν5

(t − m2
ν5

+ 2Eν Eν5)
. (33)

We have then verified our analytic calculations with MadGraph [76], where the nucleon form factor in eq. (22) is implemented effectively 
in the Universal FeynRules Output (UFO) files [77], by fixing q2 = M2

Z ′ . To measure the goodness of the fit between the BLSM-IS and the 
measured data, we constructed a χ2 test function as

χ2 =
∑ (Eventsth − Eventsex)

2

δ2
, (34)
bins i j
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Fig. 5. Left Panel: The MB electron-like anomalous data and total background events [54] versus the visible energy. Right Panel: Cosin the angle of the final state electron 
with respect to the beam direction versus the visible energy. Our signal predictions for two benchmark points with M Z ′ = 20, 30 MeV are presented in dashed blue and solid 
cyan histograms, respectively.

Fig. 6. The χ2 value of the BLSM-IS fit to the MB data versus the Z ′ mass for mν5(4)
= 110(60) MeV and θ ′ = 3 × 10−3. Horizontal red lines represents the 2σ , 3σ and 5σ

CL contours.

with δi j the covariance matrix that contains the uncorrelated intrinsic experimental statistic and systematic uncertainties in its diagonal 
entries. Fig. 5 we show the prediction for two BLSM-IS signals obtained by adopting two benchmark points with M Z ′ = 20, 30 MeV and 
fixed g(B−L) = −10−4, g̃ = 0.2, θ ′ = 3 × 10−3, mν4 = 60 MeV and mν5 = 110 MeV, together with the background and against the data 
collected by MB which appear anomalous. We find a good agreement between predictions and data up to a 5σ CL. Finally, in Fig. 6, shows 
the result of the above fit to the measured MB data extracted from [54] over the Z ′ mass range 2 − 130 MeV with fixed mν4 , mν5 and θ ′
values while g(B−L) and g̃ have been chosen at their maximal allowed values for the given M Z ′ (as in Fig. 1). The fit shows that we can 
reach the 5σ CL for Z ′ masses in the range of 15 − 25 MeV.

6. Conclusions

In summary, in this letter, we have argued that two anomalies presently stemming from non-collider experiments, specifically, in the 
measurement of the anomalous magnetic moment of the muon at the E821 experiment at BNL and the Muon g − 2 one at FNAL as 
well as in the study of appearance data in the MB short-baseline neutrino experiment at FNAL, hint at a common explanation relying on 
some BSM physics that might involve both a light Z ′ and light neutrinos, all being extremely weakly coupled to the visible sector (so 
as to being dubbed dark and sterile, respectively). There is a BSM scenario that can incorporate these new force and matter states in a 
minimal formulation, thereby being notionally able to explain the aforementioned data sets without invoking an excessing number of new 
parameters. This is the so-called BLSM-IS, wherein the SM gauge group is supplemented by an additional, spontaneously broken U (1)B−L

invariance, obtained by localising the accidental global B − L conservation of quantum numbers that appears in the SM, in combination 
with an IS mechanism for neutrino mass generation. The requirement of theoretical self-consistency of this BSM scenario in fact imposes 
the simultaneous presence of a Z ′ state following the B − L breaking, which can be made light rather naturally, and of multiple sterile 
neutrinos, which are per se rather light. Herein, we have put the BLSM-IS explanations to the aforementioned data anomalies on firm 
quantitative grounds. In fact, solutions have been found to both anomalies simultaneously for the following ranges of BLSM-IS parameters: 
M Z ′ = 15 − 25 MeV, g(B−L) ∼ −10−4, g̃ ≈ 0.2, θ ′ = 3 × 10−3, mν4 = 60 MeV and mν5 = 110 MeV.
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