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In recent times, several hints of lepton flavor universality violation (LFUV) have been observed
in semileptonic B decays, which point towards the existence of New Physics beyond the Standard
Model. In this context, we consider a new variant of U(1)Lµ−Lτ gauge extension of the Standard
Model, containing three additional neutral fermions Ne, Nµ, Nτ , along with a (3̄, 1, 1/3) scalar
leptoquark (SLQ) and an inert scalar doublet, to study the phenomenology of light dark matter,
neutrino mass and flavor anomalies. The lightest mass eigenstate of the Nµ, Nτ neutral fermions,
plays the role of dark matter. We constrain the new model parameters by using the LFUV observ-
ables RK (∗) and branching fraction of b→ sγ decay processes. We then show the implications of
the model on the branching fractions of some rare semileptonic B decay processes with missing
energy, e.g., B→ (K (∗), φ)+ 6E .
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1. Introduction

Though the Standard Model (SM) is an elegant and triumphant theory in explaining almost all
the observed data so far, but still there are some unanswered questions, e.g., baryon asymmetry,
dark matter and dark energy content of the universe, neutrino mass, etc. which necessitates the
existence of Physics beyond it. Thus, understanding the Physics beyond the SM (BSM) is one of the
prime objectives of present day particle physics research. In the absence of any direct observation
of new heavy BSM particles at the LHC experiment, the recently observed flavor anomalies in the
semileptonic B meson decays [1] play an intriguing role to probe the physics beyond the SM. In this
context, we consider a new variant of U(1)Lµ−Lτ gauge extension of Standard Model, containing
three additional neutral fermions Ne, Nµ, Nτ , along with a (3̄, 1, 1/3) scalar Leptoquark (SLQ) and
an inert scalar doublet, to study the phenomenology of light dark matter, neutrino mass and flavor
anomalies in a single platform.

2. Model Description

We consider a variant of U(1)Lµ−Lτ model [2], We now investigate the implications of the
model on the rare decay modes b→ s 6E .with three new neutral fermions Ne, Nµ, Nτ and a scalar
leptoquark S1(3̄, 1, 1/3). Also an inert doublet η is added to generate the neutrino mass at one-loop
level and a singlet φ2 to spontaneously break the new U(1) symmetry. In addition, we also impose
an additional Z2 symmetry for the stabilization of the dark matter, under which all the SM particles
are even. The new particle gamut and their quantum numbers are presented in Table 1.

Field SU(3)C × SU(2)L ×U(1)Y U(1)Lµ−Lτ Z2

Fermions Ne, Nµ, Nτ (1, 1, 0) 0, 1,−1 −

Scalars η (1, 2, 1/2) 0 −

φ2 (1, 1, 0) 2 +

S1 (3̄, 1, 1/3) −1 −

Gauge boson Vµ (1, 1, 0) 0 +

Table 1: The new particles and their quantum numbers in the chosen U(1)Lµ−Lτ model.

The relevant Lagrangian terms in the gauge, fermion, gauge-fermion interaction and scalar
sectors involving the new particles read as

LG = −
1
4

(
ŴµνŴµν + B̂µν B̂µν + V̂µνV̂µν + 2 sin χB̂µνV̂µν

)
,

L f = −
1
2

MeeNc
e Ne −

fµ
2

(
Nc
µNµφ

†

2 + h.c.
)
−

fτ
2

(
Nc
τ Nτφ2 + h.c.

)
−

1
2

Mµτ(Nc
µNτ + Nc

τ Nµ),

−
∑

l=e,µ,τ

(Yll(`L)l η̃NlR + h.c) −
∑

q=d,s,b

(yqR dc
qRS1Nµ + h.c.),

LG− f = gµτ

(
−µ γµµ + τγµτ − νµ γ

µ(1 − γ5)νµ + ντ γ
µ(1 − γ5)ντ − Nµγµγ5Nµ + Nτγµγ5Nτ

)
V̂µ,

LS =

����(i∂µ − g

2
τa · Ŵa

µ −
g′

2
B̂µ

)
η

����2 + ����(i∂µ − g′

3
B̂µ + gµτ V̂µ

)
S1

����2 + ���(i∂µ − 2gµτ V̂µ
)
φ2

���2 . (1)
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The U(1)Y and U(1)Lµ−Lτ gauge fields mix kinematically giving rise to the physical neutral gauge
bosons Z and Z ′. The new fermions Nµ and Nτ mix together giving rise to the mass eigenstates
N±, where the lightest fermion N− serves as the dark matter candidate, while the CP even scalars
mix and give H1,2 respectively. Here H1 stands for SM Higgs of 125 GeV.

3. Dark matter

A. Relic abundance
The dark matter pair (N−N−) can annihilate to (µµ, ττ, νµνµ, ντντ) via s-channel Z ′ and η portals,
and to (dd, ss) through t-channel SLQ portal. The key point is that the s-channel processes via
light Z ′ provide a resonance in the propagator, thereby meeting the Planck relic density value [3] in
the mass range 0.1 − 2.5 GeV. The relevant plots are provided in Fig. 1.
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Figure 1: Relic density plotted against DM mass with black horizontal dotted lines denoting the 3σ range
of Planck limit [3]. Right panel corresponds to the parameter space in the M− − MZ′ plane consistent with
3σ allowed region of Planck data.

B. Detection prospects
Moving to the direct detection prospects, the spin-dependent (SD) cross section can arise from the
effective interaction in SLQ portal, given as

LSD
eff '

y2
qR cos2 β

4(M2
S1
− M2

−)
N−γµγ5N−qγµγ5q , (2)

and the corresponding SD cross section is given as [4]

σSD =
µ2
r

π

cos4 β

(M2
S1
− M2

−)
2

[
y2
dR∆d + y2

sR∆s
]2

Jn(Jn + 1) , (3)

where β is the fermion mixing angle, Jn = 1
2 , µr is the reduced mass and the quark spin functions∆q

are provided in [4]. The obtained SD cross section for light GeV DM is well below the experimental
upper limit from CDMSlite [5]. In other portals, the cross sections are insensitive to direct detection
experiments.

4. Constraints on new parameters from the flavor sector

Now, we constrain the model parameters of LQ and Z ′ couplings using the lepton non-
universality parameters, RK (∗) and the branching ratio of B → Xsγ decay mode. The most general
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effective Hamiltonian mediating the b→ s`+`− transition is given as

Heff = −
4GF
√

2
VtbV∗ts

[ 6∑
i=1

Ci(µ)Oi +
∑

i=7,9,10

(
Ci(µ)Oi + C ′i (µ)O

′
i

)]
, (4)

where Ci’s are the Wilson coefficients and Oi’s represent dimension-six current-current operators
responsible for leptonic/semileptonic processes. The values of primed Wilson coefficient are zero
in the SM, but can arise in the proposed Lµ − Lτ model. The one-loop diagrams that provide
non-zero contribution to the rare b → s`` processes are in Fig. 2 . The loop functions of second
and third diagrams have mqM±/M2

S1
factor suppression, hence provide minimal contribution and

the dominant contribution arises only from the first diagram.

S1

b s

N−, N+ N−, N+

Z′

l l̄

1

N−, N+

b s

S1 S1

H1,H2

l l̄

1

S1

b s

N−, N+ N−, N+

H1,H2

l l̄

1

Figure 2: One loop penguin diagrams that provide non-zero contribution to b→ s`` transitions.

In the presence of Z ′, the transition amplitude of semileptonic b→ s`` decay process is [6]

M =
1

25π2

y2
qRg

2
µτ

(q2 − M2
Z′)
Vsb(χ−, χ+)[ū(pB)γ

µ(1 + γ5)u(pK ))][v̄(p2)γµu(p1))] , (5)

where pB, pK and p1,2 represent the four momenta of initial B meson, final K meson and the charged
leptons. The expression for the loop functionVsb(χ−, χ+) with χ± = M2

±/M
2
S1

can be found in [7].
In comparison with generalized effective Hamiltonian (4) gives new primed Wilson coefficient [6]

C ′NP
9 =

√
2

24πGFαemVtbV∗ts

y2
qRg

2
µτ

(q2 − MZ′
2)
Vsb (χ−, χ+) . (6)

This new Wilson coefficient C ′9 gives additional contribution to B→ K (∗)µµ processes and modify
their branching fractions, while B→ K (∗)ee processes remain unaffected as the new Z ′ gauge boson
does not couple to electrons.

The lepton flavor violating observables associated with b→ s`` transitions are defind as

RK (∗) =
BR(B→ K (∗)µ+µ−)
BR(B→ K (∗)e+e−)

, (7)

and their expected values in the SMareO(1). However, the recentmeasurement on RK = 0.846+0.044
−0.041

by LHCb experiment [8] in the low-q2 regime [1.1,6] GeV2 shows 3.1σ discrepancy with the SM
prediction. Equivalently, recent LHCbmeasurements on RK∗ ratio in two bins of low-q2 regions [9]:

RLHCb
K∗ =

{
0.660+0.110

−0.070 ± 0.03 q2 ∈ [0.045, 1.1] GeV2 ,

0.69+0.11
−0.07 ± 0.05 q2 ∈ [1.1, 6.0] GeV2 ,

(8)
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have respectively 2.1σ and 2.5σ deviations from their corresponding SM results.
B→ Xsγ :
The b → sγ transition can occur at one loop level, where leptoquark and N± were driving in the
loop. The branching ratio of B→ Xsγ decay process induced by the b→ sγ is

BR(B→ Xsγ) = BR(B→ Xsγ)
��SM

(
1 +

Cγ′NP
7

CγSM
7

)2

, (9)

Cγ′NP
7 = −

√
2/3

8GFVtbV∗ts

y2
qR

M2
S1

(
J1(χ−) cos2 α + J1(χ+) sin2 α

)
, (10)

with the loop functions J1(χ±) [7].
Using the values of the LFU observables RK (∗) and BR(B→ Xsγ), we show the gµτ −MZ′ and

yqR − M− allowed parameter space in Fig. 3. The validity of the effective field theory description
in the present model lies above electroweak scale i.e., ∼ (300 − 3000) GeV.

CC
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BA
R

DU
NE(g

-2
) μ

(3
σ
)
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0.001
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1

M- [GeV]

y
q
R

Figure 3: Constraints on M ′Z − gµτ (left panel) and M− − yqR (right panel), obtained by using the branching
ratio of B → Xsγ and RK (∗) parameters. Lines in left panel denote the 3σ consistent region of muon g − 2
[10], exclusion limit from BABAR [11], neutrino trident bounds from CCFR [12] and DUNE [13].

5. Footprints on b→ s 6E decay modes

The SM treats neutrinos as the only carriers of missing energy in b → s transitions, i.e.,
b → s 6 E can be described as b → sνν̄ processes. To see the implications of the model on rare
B decays with missing energy, we consider the decay modes b → sN−N− in addition to the SM
b → sνν̄ processes. These processes are mediated through one-loop diagrams and the dominant
contribution arises come from the loop diagram as shown in the first diagram of Fig. 2, with the
final l l̄ pair replaced by N−N− pair. The branching fraction for these processes are given as, for
example,

BR(B→ K 6E) = BR(B→ Kνν̄) + BR(B→ KN− N−) , (11)

and the detailed expressions for the branching fractions are found in [2]. Considering two sets of
benchmark values for the model parameters consistent with dark matter and flavor observables as:
Bechmark-I: yqR = 2.0, gµτ = 0.002, M− = 1.7 GeV and MZ′ = 4.0 GeV,
Bechmark-II: yqR = 2.0, gµτ = 0.008, M− = 1.8 GeV and MZ′ = 4.8 GeV,
we obtain the branching ratios for various processes as given in Table-2. It should be noted that

5



P
o
S
(
I
C
H
E
P
2
0
2
2
)
1
9
8

Flavor anomalies, Light Dark Matter and rare B decays in Lµ − Lτ model Rukmani Mohanta

Br(b→ s 6E) Benchmark-I Benchmark-II Experimental Limit [14]
Br(B0 → K0 6E) 0.645 × 10−5 0.457 × 10−5 < 2.6 × 10−5

Br(B+ → K+ 6E) 0.697 × 10−5 0.516 × 10−5 < 1.6 × 10−5

Br(B0 → K∗0 6E) 1.271 × 10−5 0.981 × 10−5 < 1.8 × 10−5

Br(B+ → K∗+ 6E) 1.381 × 10−5 1.066 × 10−5 < 4.0 × 10−5

Br(Bs → φ 6E) 1.618 × 10−5 1.24 × 10−5 < 5.4 × 10−3

Table 2: The predicted branching ratios of b → s 6 E processes for two different benchmark values of new
parameters.

these predicted branching ratios are slightly lower than the the present upper limits and are expected
to be measured by LHCb or Belle II experiments.

To conclude, we have investigated light GeV scale dark matter and flavor anolamies in a
simple U(1)Lµ−Lτ variant model with three heavy neutral fermions and a scalar leptoquark.The
associated gauge boson Z ′ plays a key role in obtaining the dark matter relic density.The proposed
model successfully explains dark matter, flavor anomalies in b→ s`` transitions and significantly
enhances the b → s+ 6 E decay rates. The observation of these modes would provide strong hints
for the existence of light fermionic dark matter.

AcknoweledgementsThe authorwould like to thatUnivesity ofHyderabad for financial support
through the IoE project grant IoE/RC1/RC1-20-012.

References

[1] S. Bifani et al., J. Phys. G 46, 023001 (2019).

[2] S. Singirala, S. Sahoo and R. Mohanta, Phys. Rev. D 105, 015033 (2022).

[3] N. Aghanim etal, Planck Collaboration, A & A 641, A6 (2020); 1807.06209.

[4] P. Agarwal, Z. Chacko, C. Kilic and R.K.Mishra, arXiv:1003.1912.

[5] R. Agnese et al, SuperCDMS Collaboration, Phys. Rev. D 97, 022002 (2018).

[6] S. Singirala, S. Sahoo and R. Mohanta, Phys. Rev. D 99, 035042 (2019).

[7] S. Baek, Phys. Lett. B 781, 376 (2018).

[8] R. Aaij etal, LHCb Collaboration, Nature Phys. 18, 277 (2022).

[9] R. Aaij etal, LHCb Collaboration, JHEP 08, 055 (2017).

[10] B. Abi etal, The muon g-2 Collaboration, Phys. Rev. Lett. 126, 141801 (2021).

[11] J.P.Lees et al, BABAR Collaboration, Phys. Rev. D 94, 011102 (2016).

[12] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin, Phys. Rev. Lett. 113, 091801 (2014).

[13] W. Altmannshofer etal, Phys. Rev. D 100, 115029 (2019).

[14] P. A. Zyla et al, (Particle Data Group), Prog. Theo. Exp. Phys. 2020, 083C01 (2020)

6


	Introduction
	Model Description
	Dark matter
	Constraints on new parameters from the flavor sector
	 Footprints on b s E decay modes

