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We study an extension of the minimal gauged L, — L, model including three right-handed singlet
fermions and a scalar doublet to explain the anomalous magnetic moments of muon and electron
simultaneously. The presence of an in-built Z, symmetry under which the right-handed singlet fermions
and # are odd, gives rise to a stable dark matter candidate along with light neutrino mass in a scotogenic
fashion. In spite of the possibility of having positive and negative contributions to muon and electron
(g — 2) respectively from vector boson and charged scalar loops, the minimal scotogenic L, — L, model
cannot explain both muon and electron (g —2) simultaneously while being consistent with other
experimental bounds. We then extend the model with a vectorlike lepton doublet which not only leads
to a chirally enhanced negative contribution to electron (g — 2) but also leads to the popular singlet-doublet
fermion dark matter scenario. With this extension, the model can explain both electron and muon (g — 2)
while being consistent with neutrino mass, dark matter and other direct search bounds. The model remains
predictive at high energy experiments like collider as well as low energy experiments looking for charged

lepton flavor violation, dark photon searches, in addition to future (¢ —2) measurements.
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I. INTRODUCTION

The muon anomalous magnetic moment, a, =

(9 —2),/2 has been measured recently by the E989 experi-
ment at Fermi lab showing a discrepancy with respect to the
theoretical prediction of the Standard Model (SM) [1]

afNAL — 116592040(54) x 107! (1)

a$™M = 116591810(43) x 107" (2)

which, when combined with the previous Brookhaven
determination of

aBNL = 116592089(63) x 107" (3)
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leads to a 4.2 observed excess of Aa, = 251(59) x 107! !
The status of the SM calculation of muon magnetic moment
has been updated recently in [6]. While the muon anomalous
magnetic moment has been known for a long time, the recent
Fermilab measurement has led to several recent works.
Review of such theoretical explanations for muon (g — 2)
can be found in [7-9]. Gauged lepton flavor models like
U(l) L,-L, Provide a natural origin of muon (g — 2) in a very

minimal setup while also addressing the question of the
origin of light neutrino mass and mixing [ 10] simultaneously.
Recent studies on this model related to muon (g — 2) may be
found in [11-20].

Interestingly, similar anomaly in electron magnetic
moment has also been reported from a recent precision
measurement of the fine structure constant using Cesium
atoms [21]. Using the precise measured value of fine
structure constants leads to a different SM predicted value
for electron anomalous magnetic moment a, = (g — 2),/2.
Comparing this with the existing experimental value of a,
leads to a discrepancy

'The is however, in contrast with the latest lattice results [2]
predicting a larger value of muon (g —2) keeping it closer to
experimental value. Measured value of muon (g —2) is also
in tension with global electroweak fits from e*e™ to hadron data
[3-5].
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Aa, = ag® —aSM = (-87 + 36) x 10714 (4)

at 2.40 statistical signiﬁcance.ZSeveral works have
attempted to find a common explanation of electron and
muon (g — 2) within well motivated particle physics frame-
works [23-54].

Here we consider the popular and minimal model based
on the gauged L, — L, symmetry which is anomaly free
[55,56]. Apart from the SM fermion content, the minimal
version of this model has three heavy right-handed neu-
trinos (RHN) leading to type I seesaw origin of light
neutrino masses [57-63]. We also consider an additional
scalar doublet 7 and an in-built Z, symmetry under which
RHNs and 7 are odd while SM fields are even. The
unbroken Z, symmetry guarantees a stable dark matter
(DM) candidate while light neutrino masses arise at one-
loop in scotogenic fashion [64]. A L, — L, extension of the
scotogenic model was discussed earlier in the context of
DM and muon (g —2) in [65]. We consider all possible
contributions to (g —2), , in this model and show that it is
not possible to satisfy them simultaneously while being
consistent with phenomenological requirements like neu-
trino mass, lepton flavor violation (LFV) and direct search
bounds. We then consider an extension of the minimal
scotogenic L, — L, model with a Z,-odd vector like lepton
doublet with vanishing U(1) L,-L, charge. While the min-

imal scotogenic extension was discussed in [65] mentioned
above, the vectorlike lepton extension was recently dis-
cussed in [20] from muon (g — 2) point of view. Here we
extend this idea to include electron (¢ —2) along with
detailed study of DM and related phenomenology. Due to
the possibility of vectorlike lepton doublet coupling with
one of the RHN:Ss, it gives rise to a singlet-doublet fermion
DM scenario studied extensively in the literature [66—84].
‘We show that the inclusion of this vector like lepton doublet
which couples only to electrons and one of the RHNs due to
vanishing U(1), _; charge, the observed (g —2), can be

generated due to chiral enhancement in the one-loop
diagram mediated by charged scalar and fermions. On
the other hand a positive muon (g — 2) can be generated due
to light U(1),,_;, gauge boson mediated one-loop dia-

gram. We then discuss the relevant DM phenomenology
and possibility of observable lepton flavor violation as well
as some collider signatures.

This paper is organized as follows. In Sec. II, we discuss
the minimal scotogenic U(1),, _; model and show that it is
not possible to explain both electron and muon (g —2)
simultaneously. In Sec. III, we consider the extension of
minimal model by a vector like lepton doublet and show its

*Interestingly, a more recent measurement of the fine structure
constant using Rubidium atoms have led to a milder (g —2),
anomaly at 1.60 statistical significance, but in the opposite
direction [22]. Here we consider negative (g —2), only

success in explaining the lepton (¢ —2) data. We then
discuss singlet-doublet DM phenomenology in Sec. IV
followed by brief discussion on collider phenomenology in
Sec. V. We finally conclude in Sec. VL.

II. THE MINIMAL MODEL

The SM fermion content with their gauge charges under
SU(3). ®SU(2), ®U(l)y ® U(I)L}J—L, gauge  Sym-
metry are denoted as follows.

uy 1 2 1
f— ~ 3’2’—,0, d ~ 3717_ Y ’0

o (D-02k). (139
L <”e>~<1,2,_1,o>, ex~(1,1,-1,0)

er 2

v 1
L= (")~ (12-31) w11
. KL 2

v, 1
L,:( >~(1,2,——,—1>, tr~(1,1,—-1,-1).
71, 2

The new field content apart from the SM ones are shown
in Table I. The SM fields are even under the Z, symmetry
and only the second and third generations of leptons are
charged under the L, — L, gauge symmetry. The relevant
Lagrangian can be written as

M
lNeNe

LN, iy DuN, = MyeN N+ Neiy' DN ——

-Y,,®N,N,-Y,®NN,~Y,®N,N,
- YDeL_eF]Ne - YDﬂL_ﬂﬁNﬂ - YDTL_T;]N‘L'_ Yrq)ZNTNT
- YleL_eHeR — YlﬂL—ﬂHﬂR — YITL_THTR + H.C. (5)

where H is the SM Higgs doublet and the covariant
derivative ®, is given as

s)y = a/l - ig/nY;n(Z/n)u' (6)

Also, in the above Lagrangian, 7 = it,n*. The new
gauge kinetic terms that appear in the Lagrangian are
constituted of,

TABLE I. New particles and their gauge charges in minimal
scotogenic U(1), _; model.

Fermion fields Scalar field

Gauge group N, N, N, D, o, n
SU(2), 1 1 1 1 1 2
U(l)y 0 0 0 0 0 3
U(I)L,,—L, 0 1 -1 1 2 0
Z, -1 -1 -1 +1 +1 -1
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€
> (Zye) B (7)

1
EGauge =7 (Zm)/wzlljg - D) (

4

where, ¢ parametrizes the kinetic mixing between the
U(l)Lﬂ—L, and U(1), gauge sectors.

The Lagrangian of the scalar sector is given by:
‘Csca.lar = ‘DﬂH|2 + |Dﬂ”|2 + ‘qu)ip - V(H’ q)i’ ’7) (8)

where i = 1, 2. The covariant derivative D, is given as
follows:

-9 Y
Dﬂ:aﬂ—liT.Wﬂ—lg/EBﬂ (9)
The scalar potential is given by

V(H,®;,n) = —up(H'H) + Ag(H'H)* — pg, (;7®;)
+ Ao, (@;'®;)* + e, (H'H)(®;®,)
+ my(n'n) + 22(n"n)* + A3(n"n) (H'H)

Al B (H) + S (0 + )’

+ Lo, (10 (@] @) + Ay o, (D] P ) (D] D)
+ [/"12(1)%@; + H.C.],

where i = 1, 2 denotes two singlet scalars ®,. While the
neutral component of the Higgs doublet H breaks the
electroweak gauge symmetry, the singlets @, break
L, — L, gauge symmetry after acquiring nonzero vacuum
expectation values (VEV). Denoting the VEVs of singlets
@, , as v| ,, the new gauge boson mass can be found to be

Mz, = Gue/2(v] + 403) with g,,, being the L, — L, gauge
coupling. Clearly the model predicts diagonal charged lepton
mass matrix M, and diagonal Dirac Yukawa of neutrinos.
Thus, the nontrivial neutrino mixing will arise from the
structure of right-handed neutrino mass matrix Mz only
which is generated by the chosen scalar singlet fields. The
right-handed neutrino mass matrix, Dirac neutrino Yukawa
and charged lepton mass matrix are given by

Mee Y(’ﬂvl Yervl

Mp= Yeﬂv, Yﬂvz M,”
Yoo, My, Y0,
Yp. 0 O Y,o 0 O
Yp=1 0 Yp, 0 [, Mf—% 0 Yo O
0 0 Yp, 0 0 Yo

(10)

Here v/+/2 is the VEV of neutral component of SM Higgs
doublet H.

The one-loop neutrino mass can be written as [64,85]

where M, is the mass eigenvalue of the RHN mass
eigenstate N; in the internal line and the indices i,
j =1, 2, 3 run over the three neutrino generations. The
Yukawa couplings appearing in the neutrino mass formula
above are derived from the corresponding Dirac Yukawa
couplings in Lagrangian (5) by going to the diagonal basis
of right-handed neutrinos after spontaneous symmetry
breaking. The loop function L;(m?) in neutrino mass
formula (11) is defined as

m? m?

Lym?) =—"" ™
(m?) m>— M2 M2

(12)

The difference in masses for neutral scalar and pseudo-
scalar components of 7, crucial to generate nonzero
neutrino mass is m2, —mj = Asv>. We first diagonalize
Mp and consider the physical basis of right-handed
neutrinos (N, N,, N3) with appropriate interactions. We
also use Casas-Ibarra (CI) parametrization [86] extended to
the radiative seesaw model [87] which allows us to write

the Yukawa coupling matrix satisfying the neutrino data as
hat = (UD/PRTAV?) (13)

where R is an arbitrary complex orthogonal matrix satisfy-
ing RRT = 1. Here D, = diag(m,, m,, mj3) is the diagonal
light neutrino mass matrix and the diagonal matrix A has
elements given by

271'2 2Mk
Ay =2, 2k, 14
k /15 Ck 1}2 ( )

2 -1
nd G = (g s ) - L)) 19

R M

A. Anomalous magnetic moment

The magnetic moment of muon is defined as

=g, <i> s, (16)

2m

where g, is the gyromagnetic ratio and its value is 2 for
an elementary spin % particle of mass m and charge q.
However, higher order radiative corrections can generate
additional contributions to its magnetic moment and is
parametrized as

015029-3
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FIG. 1. Parameter space satisfying (g —2) , in the plane of
Gue =Mz, . See text for details related to other bounds imposed.

a, == (g9,—-2). (17)

As mentioned earlier, the anomalous muon magnetic
moment has been measured very precisely in the recent
Fermilab experiment while it has also been predicted in the
SM to a great accuracy. In the model under consideration in
this work, the additional contribution to the muon magnetic
moment arises dominantly from the one-loop diagram
mediated by L, — L, gauge boson Z,,. The corresponding
one-loop contribution is given by [88,89]

a [1

B 2mix*(1 —x) o 2m;
ne 27 0

Aa X R —
x2m2 + (1 - x)M%W 2r 3M%M

(18)

where o = ¢’ /(4x).
The parameter space satisfying muon g — 2 in the plane
of g,. versus Mz is shown in Fig. 1. Several exclusion

limits from different experiments namely, CCFR [90],
COHERENT [91,92], BABAR [93] are also shown. The
astrophysical bounds from cooling of white dwarf (WD)
[94,95] excludes the upper left triangular region. Very light
Z' is ruled out from cosmological constraints on effective
relativistic degrees of freedom [95-98]. This arises due to
the late decay of such light gauge bosons into SM leptons,
after standard neutrino decoupling temperatures thereby
enhancing N.;. Future sensitivities of NA62 [99] and
NA64 [100,101] experiments are also shown as dashed
lines. In summary, the model has a small parameter space,
currently allowed from all experimental bounds, which can
explain muon (g — 2). This has also been noticed in earlier
works on minimal L, — L, model [11-19].

However, note that in scotogenic version of L, — L,
model we can have another one-loop diagram mediated by
charged component of scalar doublet # and right-handed

\ A
Y ~

FIG. 2. Negative contribution to Ag; coming from charged
scalar ™ and neutral fermion N, in the loop.

neutrino N, contributing to (g — 2). Since both electron and
muon couple to charged scalar via Yukawa couplings, we
can have contributions to the anomalous magnetic
moments of both electron and muon via this diagram,
shown in Fig. 2. It is given by [45,102,103]

2

m

Aa; = Z‘WW[HZJC(M%/MiJ (19)
k nt

where

1 —6x+3x? +2x° — 6x? log x
B 12(1 —x)*

f(x) (20)

which gives rise to an overall negative contribution to
(9 —2),. While this works for electron (g — 2), for muon
one needs to make sure that the positive contribution
coming from vector boson loop dominates over the one
from the charged scalar loop so that the total muon (g — 2)
remains positive as suggested by experiments.

Also from Fig. 1, we can see that there is still a small
parameter space left with M7 in a range of 10-30 MeV
and g,, in (5.5-7.5) x 10~* which is not constrained by
CCFR and can accommodate a larger positive contribution
to muon (g —2) from vector boson loop. This positive
contribution to Aa, can be as large as 5.5 x 10~ which is
2.4 x 107 larger than the current upper limit of 3.1 x 107,
Hence, even if we get a negative contribution from the 7™
loop to muon (g —2) which is of the order O(10~°) but
smaller than 3.5 x 107, we can still get the correct value of
Aa, as measured by the experiments. Thus, in general,
observed muon (g — 2) can be explained by a combination
of positive and negative contributions in scotogenic L, —
L, model.

It is worth mentioning here that A5 plays a crucial role in
the contribution of charged scalar loop into (g —2) as it
decides the strength of Yukawa couplings via CI para-
metrization. Smaller values of A5 increases the size of the
Yukawa couplings [as evident from Eq. (13) and (15)],
which in turn would imply an enhancement in the negative
contribution to muon (g — 2) which is undesirable. This can
be seen from Fig. 3 where the contribution to muon (g — 2)
(ie., Aa,) from the #* and N, loop as a function of N,
mass is shown keeping other parameters fixed as mentioned

015029-4
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FIG. 3. Negative contribution to Aa, (coming from charged
scalar #7 and neutral fermion N, in the loop) is shown as a
function of N; mass. The color bar shows the values of As.

in the inset of the figure. The horizontal solid red line
depicts a conservative upper limit (Aa, = —107'%) on this
negative contribution. Clearly A5 smaller than 10~'* are not
allowed from this requirement. We will see similar con-
straints from LFV also in the next section.

B. Lepton flavor violation

Charged lepton flavor violating (CLFV) decay is a
promising process to study from beyond standard model
(BSM) physics point of view. In the SM, such a process
occurs at one-loop level and is suppressed by the smallness
of neutrino masses, much beyond the current experimental
sensitivity [104]. Therefore, any future observation of such
LFV decays like 4 — ey will definitely be a signature of
new physics beyond the SM. In the present model, such
new physics contribution can come from the charged
component of the additional scalar doublet # going inside
a loop along with singlet fermions, similar to the way it
gives negative contribution to lepton (g —2) shown in
Fig. 2. Adopting the general prescriptions given in
[87,105], the decay width of 4 — ey can be calculated as

3(4r)’a

Br(u — e7) =

where Ap is given by

R hy, 1
A, = ke “kp %
° zk: 167> M2,

f(te) (22)

where 1, = my, / M§+ and f(x) is the same loop function
given by Eq. (20). The latest bound from the MEG

PRRWCY LTy ST Ry I T T
SR ) ,ﬁ*('_ﬁ{i 5 Lo 0% 5,
o :‘k‘r". X LA f?f- ki r:‘ﬁ Lol et "dete o]
B 30 st awnied it L5 ¥
"J “.’4',’- '3& i %‘;‘f-‘tia' .-,%s'

O
«\u,g‘*y{-;‘ -

1078 My -My, 50 GeV MN- =
M, =1 TeV, M, = 900 GeV
102 10" 107 10° 10° 107 10° 107
10721 2 1
I 1 1 1
0 200 400 600 800 1000

My, in GeV

FIG. 4. Br(u — ey) is shown as a function of N mass. The
color bar shows the values of As.

collaboration is Br(u — ey) < 4.2 x 107"* at 90% confi-
dence level [104].

In Fig. 4, Br(u — ey) is shown as a function of N
keeping other parameters fixed as mentioned in the inset of
the figure. The solid magenta line depicts the latest upper
limit from the MEG experiment. It is clear that 15 smaller
than ~O(1078) is disfavored from the CLFV constraint.

To look for common parameter space satisfying the
CLFV constraint from MEG (Br(u — ey) < 4.2 x 10713)
and (Aa, < —107'%) from the contribution of " and N; in
the loop, we carried out a numerical scan varying
M15M21M3 (S [1, 1000} GeV (Wlth M] < Mz,M3), M,’+ S
[100, 1000] GeV and 15 € [1071°,107%]. Along with cal-
culating Br(u — ey) and Aa, we also calculate electron
(g — 2) namely Aa, to check if all of them can be satisfied
simultaneously. Only those parameter set which satisfies
both the above mentioned constraints (CLFV and
Aa, < —107'%) are screened out and the corresponding
value of Aa, is noted down for these parameters. The result
of this scan is shown in Fig. 5. Clearly with A5 smaller than
107 we cannot satisfy the MEG constraint and the
constraint on maximum negative contribution to Aa,
simultaneously. However, for the parameter space satisfy-
ing these two constraints, the corresponding values of Aa,
are several orders of magnitude below the correct ballpark
(.e., Aa, = (=87 £36) x 10714,

Clearly, as we increase the value of 15, the Yukawa
couplings decrease which diminishes Br(u — ey) as well
as Aa, coming from the loop diagram given in Fig. 2. It is
worth mentioning here that, though much smaller values of
As can bring the Aa, to the correct ballpark, but such values
of A5 will violate the CLFV constraints. Thus it is not

possible to explain Aa, and Aa, simultaneously in this

015029-5
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FIG. 5. Contribution to (Br(u — ey) <4.2x107'3) and
(Aa, < —=1071%) with M|, M,, M5 €[1,1000] GeV, M, € [100,
1000] GeV, and A5 € [10719,1073] in the minimal model. Cor-
responding values of Aa, are shown by the red colored points.

minimal model being within the constraints from LFV. This
result is not surprising because the charged scalar loop
contribution to electron (g — 2) is suppressed by electron
mass squared. Presence of additional heavy fermion dou-
blet in the loop can lead to chiral enhancement of (g — 2),,
as discussed in earlier works in the context of muon (g — 2)
[103,106]. This is the topic of our next section.

III. EXTENSION OF MINIMAL SCOTOGENIC
U(1),, -, MODEL

As the minimal model described above cannot explain
the electron and muon (g — 2) data simultaneously while
being in agreement with CLFV constraints, we extend the
model by introducing a vectorlike fermion doublet ¥/ =

(w° w™) ~(1,2,—1,0) which is also odd under the Z,

symmetry, but has vanishing U(1) 1,1, charge. Since there
exists a RHN which also has vanishing U(1) L,-L, Charge,

this leads to the possibility of singlet-doublet fermion dark
matter [66-82,84]. Here it is worth mentioning that
introduction of a singlet vectorlike fermion instead of
the doublet to the minimal scotogenic L, — L, model
cannot lead to the required chiral enhancement in the
one-loop anomalous magnetic moment of the electron
[103,106]. To make it clear, we show the chirally enhanced
one-loop Feynman diagram for electron (g — 2) in Fig. 6.
Since we have only one charged scalar 5", the requirement
of left and right chiral electrons in external legs for chiral
enhancement can be fulfilled only with a Higgs VEV
insertion in internal fermion line, as clearly seen from the

n,.-- ‘~\"7
e, ¥ (HY % eRr
p—t = > " »
1 L
S
nt -7 \\n"'
S 4 % er
- y A A -
g X1 X3 o

FIG. 6. Dominant contribution to electron (g—2) in the
extended model. Dark states are shown in flavor basis [top
panel] and mass basis [bottom panel], respectively.

Feynman diagram in the top panel of Fig. 6. This is possible
only when a vectorlike lepton doublet is introduced to the
minimal model discussed before.

With the incorporation of the vector-like fermion doublet
W, the new terms in the relevant Lagrangian can be written
as follows.

L=3Y(iy"D, — M)¥
-Y,YHN, + (N,)°) =Y, Prneg + He. (23)

where H = it,H*. N, being neutral under U(1) L,-1, has
Yukawa coupling with fermion doublet ¥, determining the
physical dark matter state of the model after electroweak
symmetry breaking (EWSB). Note that we have assumed
same Yukawa coupling Y,, to couple ¥ with N,, N¢ for
simplicity.

Thanks to the Yukawa interaction in (23), the electro-
magnetic charge neutral component of ¥ viz. w° and N,
mixes after the SM Higgs acquires a nonzero VEV. The
mass terms for these fields can then be written together as
follows.

- 1 _
_'Cmass = MW%W(I)? +§MeeNe(Ne)C

+ my(WON, +y%(N,)) +He.  (24)

where mj, = =5, with v = 246 GeV.

Since N, mixes with N, and N, [as seen from Eg. (5)]
apart from its mixing with w°, it gives rise to a 5x 5
mass matrix for the neutral fermions can be written in the
basis ((w%).w). (N,). (N,)°, (N,))T as given in the
Appendix A.

As y; and yg has no coupling with N, and N, and N,
can be assumed to be dominantly N; (one of the physical
RHN states in the absence of singlet-doublet coupling), we
ignore the mixing of y° with N, and N5. This allows us to

015029-6
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write down this neutral fermion mass matrix for the dark
sector in the basis ((y%), w9, (N))T as:

0 M mp
M=|M o m]. (25)

mp mp M,

Note that there is a difference in mp in (25) from m}, in
(24), the details of which can be found in Appendix A. This
symmetric mass matrix /M can be diagonalized by a unitary
matrix U(0) = U3(013 = 0).Un3 (023 = 0).U1(6012 =),
which is essentially characterized by a single angle 6,3 =
6 [107]. We diagonalize the mass matrix as M by
UMU" = Mp,,, where the unitary matrix 2/ is given by:

. o o %cos@ J%cose sin 0
in _ 1 1
U=|0 &2 0 7 7 0
0 0 1 —%sin@ —%Sine cosd
(26)

The extra phase matrix is multiplied to make sure all the
eigenvalues after diagonalization are positive.

The diagonalization of the mass matrix given in Eq. (25)
requires

2v/2
an26 — 220 (27)
M-M,
The emerging physical states defined as y; :%

(i =1, 2, 3) are related to the flavor or unphysical states
as follows.

cosd, 0 .
= — + )4+ sin@(N,)°,
X1L \/§ (‘//L (‘//R) ) ( 1)

2oL = \%(W‘Z - (wR)),

sin @

XL = —%(W‘Z + (WR)) +cosO(N ). (28)

All the three physical states y4, y», and y5 are therefore of
Majorana nature and their mass eigenvalues are,

m,, = Mcos*6 + M sin*6 + my, sin 26,
m)(z = M’
m,, = M,cos?0 + Msin*0 — mp sin 26. (29)

In the small mixing limit (8 — 0), the eigenvalues can be
further simplified as,

2v/2m3,
m,, %M+M—M1 ,
m,, =M,

2\/§m%
m)thl_M—Ml‘ (30)

where we have assumed mp < M, M. Hence it is clear
that m, > m, > m, and y3, being the lightest, becomes
the stable DM candidate. It should be noted that we have
considered other Z, particles not part of the mass matrix
(25) above to be much heavier. For a detailed analysis of
singlet-doublet Majorana DM, one may refer to the recent
work [82]. Since DM is of Majorana nature, diagonal Z-
mediated interactions are absent marking a crucial differ-
ence with the singlet-doublet Dirac DM [74-76,78,79,84].
The relevant Lagrangian along with all possible modes of
annihilation and coannihilations of DM are given in
Appendix B.

By the inverse transformation U M.UT = Mp;,,, we
can express Y,,, M and M, in terms of the physical masses
and the mixing angle as,

- AM sin 260

v 20

~ 2 )
M =~ m, cos0 + m,, sin“0,

M, = m,, cos*0 + m,, sin*6; (31)

where AM = (m, — m,.). We can also see that in the limit
of mp <M, m, ~m, = M. The phenomenology of dark
sector is therefore governed mainly by the three indepen-
dent parameters, DM mass (m,, ), splitting with the Next to
the lightest particle (AM), and the singlet-doublet mixing
parameter sin 6.

A. Lepton (g —2) in extended model

The coupling of ¥ with N, as well as ep allows the
possibility of a chiral enhanced contribution to electron
(g — 2) unlike in the minimal model discussed earlier. The
contribution to muon (g — 2), however, remains the same as
the minimal model at leading order.

The singlet-doublet flavor states can be written in terms
of the mass eigenstates by inverting Eq. (28) as follows.

ore  COsO 1 sin @
(W) = WXIL - EZZL - W?{SL
o cosf 1 sin @
v = Wﬂ(u + ﬁﬂm - W)(u
(N)¢ = sin @y, + cos Oy (32)

Thus, after writing the flavor states in terms of physical
or mass states, one can calculate the (¢ — 2) contribution by
considering these physical states y; , 3 in the loop. Thus, it
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FIG. 7. Contribution to Aa, a well as (Br(u — ey) <
42 x107") and (Aa, < —107') in the extended model.

is possible to have a chiral enhancement to electron (g — 2)
as shown in Fig. 6. Since N; has no admixture of y,, so y»
does not play any role in this loop calculation as it has no
coupling with electron. Thus the contribution to Aa, in
singlet-doublet model is given by [45,103]

m, sin@cosf

Aa, = — Re(hy, Y}
a, 877:2M$+ \/i e( le l//e)
m2 m>
X |:m;(]fLR (M—%1+> —m, frr <M—)§+>} (33)
where

1 —x*+2xlogx

2(1 —x)? (34)

frr(x) =

In Fig. 7, the result of a parameter scan similar to Fig. 5 is
shown after incorporating the additional and dominant
contribution to Aa, from y; and y; present in the singlet-
doublet model. For this scan m, and Am are randomly
varied in the range m, € [1,1000] GeV and Am €
[1,100] GeV respectively. Similar to the minimal model,
the charged scalar mass is varied as M+ € [100, 1000] GeV.
The other two parameters which are randomly varied are
sinf € [0.01,1] and Y,,, € 1072, 1].

It is worth mentioning here that, in this extended
framework, along with (g — 2) of electron, the LFV process
1 — ey can also get an chiral enhancement because of the
off-diagonal structure of the Yukawa matrix obtained
through Casas-Ibarra parametrization. This chirally
enhanced contribution to 4 — ey amplitude and decay rate
are given by

10° g 7 -
107 % 78

107 &

A;

10°

FIG. 8. Common parameter space giving correct Aa, as well as
satisfying (Br(u — ey) < 4.2 x 107%) and (Aa, < —-107'°) in
the plane of 45 and m,..

A 1 sin @ cos 0
S R2EML 2

m m2 m m>
x |2 X1 )(1)_2 A3 < )(3>:|’
[ m, fir <M§+ m, fir M2,

5

TemMy 4 1o
—=Al%, 35
A (35)

Re(thY;,e)

Br(u — ey) =1,

with 7, being the lifetime of the muon. After incorporating
this contribution, Only those parameter sets which satisty all
the three constraints, i.e., (Br(u — ey) <4.2 x 10713,
(Aa, < —=10719), and (Aa, = (—87 £ 36) x 107'*) simul-
taneously are screened out to get the common parameter
space which are shown in Fig. 7. Clearly, the red points in
Fig. 7 depict that in the extended model we can obtain a
parameter space that gives Aa, in the correct ballpark as
suggested by the experiments while being within the limits of
CLFVand suppressed negative contribution to Aa,,. The final
parameter space giving correct Aa, as well as satisfying
CLFV constraint and (Aa, < —1071%) is shown in Fig. 8 in
the plane of 15 and m,,,. The blue points are obtained before
incorporating the chirally enhanced contribution to y — ey
and the cyan points depict the parameter sets which satisfy all
of the three above-mentioned constraints even after including
the chiral enhancement to 4 — ey in the calculation. Clearly,
the enhancement to this CLFV process slightly reduces the
allowed parameter space.

IV. DARK MATTER PHENOMENOLOGY

As mentioned earlier, we consider the singlet-doublet
fermion DM scenario in our work. Before proceeding to
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calculate the DM relic density numerically, let us first study
the possible dependence of the DM relic on important
relevant parameters, namely, the mass of DM (m,,), the
mass splitting (AM) between the DM y3; and the next-to-
lightest stable particles (NLSP) (m,, ~ m,,~ ~ m,,) and the
mixing angle sin §. Depending on the relative magnitudes
of some of these parameters, the DM relic can be generated
dominantly by annihilation or coannihilation or a combi-
nation of both. Effects of coannihilation on DM relic
density, specially when mass splitting between DM and
NLSP is small, has been discussed in several earlier works
including [108,109].

We adopt a numerical way of computing annihilation
cross section and relic density by implementing the model
into the package MICROMEGAS [110], where the model files
are generated using FEYNRULE [111,112]. Variation of relic
density of DM y3 is shown in Fig. 9 as a function of its mass
for different choices of AM = 1-10 GeV, 10-30 GeV,
30-50 GeV, 50-100 GeV shown by different color shades
as indicated in the figure inset. The mixing angle is
assumed to take values sinf = 0.01 (top panel), 0.1
(middle panel), and 0.6 (bottom panel).

As it can be seen from Fig. 9, when AM is small, relic
density is smaller due to large coannihilation contribution
from W* mediated and flavor changing Z-mediated proc-
esses. As coannihilation effects increase, we notice
enhanced resonance effect as expected. As these inter-
actions are off-diagonal, the resonances are somewhat
flattened compared to a sharp spike expected for diagonal
interactions. As AM increases, these coannihilations
become less and less effective, and Higgs mediated
annihilations starts dominating. For AM = 30 GeV, both
contributions are present in comparable amount while for
AM > 30 GeV, the contributions from gauge boson medi-
ated (coannihilation) interactions are practically negligible
and the Higgs mediated channels dominate. Consequently,
a resonance at SM-Higgs threshold m,, ~ m;/2 appears,
while the same at m, ~m,/2 disappears. It is also
observed that as long as AM is small and the coannihilation
channels dominate, the effect of sinf# on relic density is
negligible. For smaller sin 6, the annihilation cross section
due to Higgs portal is small leading to larger relic
abundance, while for large sin 6, the effective annihilation
cross section is large leading to smaller relic abundance.
However, this can only be observed when AM is suffi-
ciently large enough and the effect of coannihilation is
negligible. In Fig. 9, the correct DM relic density
(Qpph? = 0.120 £ 0.001) from Planck 2018 data [96] is
shown by the grey colored horizontal solid line. Note that in
Fig. 9, we have chosen Mz, = 0.2 GeV, g,, =5x 1074,

the kinetic mixing parameter between U(1), of SM and
U(1),-1,» €=0u/70, mass of L,—L.-like Higgs,
my,, =900 GeV and the mixing with SM Higgs to be

kS
2
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FIG. 9. DM relic density as a function of DM mass (m,,) for
different mass splitting AM between the DM and the NLSP (as
mentioned in figure inset in GeV) for sin€ = 0.01 (top panel),
sinf = 0.1 (middle panel), sinf = 0.6 (bottom panel). Correct
relic density region from Planck 2018 data (Qpuh®> =
0.120 £ 0.001) [96] is indicated by the grey colored horizontal
solid line.

very small (sin 3, ;3 = 0.003), consistent with the available

constraints. Due to small coupling the effects of annihila-
tion and coannihilation processes involving Z,,; and h, 3 are
negligible. Also note that the coannihilation effect of the
inert doublet 7 is effective only when its mass is very close
to the DM mass and the corresponding Yukawa couplings
Yp, and Y, are sizeable. We keep m, —m, > 100 GeV
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FIG. 10. [Top panel]: DM relic density (from Planck) allowed

parameter space, [Bottom panel]: relic density (from Planck)+
Direct Search (from XENONI1T) allowed parameter space in the
AM versus m,,, plane for different ranges of sin . Shaded region
in the bottom left corner is ruled out by LEP exclusion bound on
charged fermion mass,m,: = M > 102.7 GeV.

while the size of the relevant Yukawa couplings very small
(1073) in our analysis and hence it does not affect DM relic
density significantly.

In the top panel of Fig. 10, the correct relic density
allowed parameter space has been shown in the plane of
AM versus m,, for a wide range of values for the mixing
angle {sind=0.001-0.01,0.01 -0.1,0.1-0.3,0.3—-0.6},
indicated by different colors as shown in the figure inset.
Note that the chosen ranges of AM as well as mixing
angle 6 keep the relevant Yukawa coupling perturbative
Y, < V/4r, as seen from Eqg. (31). We can see from the top
panel of Fig. 10 that there is a bifurcation around
AM ~ 50 GeV, so that the allowed plane of m, —AM
are separated into two regions: (I) the bottom portion with
small AM (AM <50 GeV), where AM decreases with
larger DM mass (m,,) and (II) the top portion with large
AM (AM > 50 GeV), where AM increases slowly with
larger DM mass m,,,. In order to understand this figure and

23
two regimes (I) and (II), we note the following.

(1) Inregion (I), for a given sin 6 range, the annihilation
cross section decreases with increase in DM mass
m,,. and hence more coannihilation contributions are
required to get the correct relic density, resulting in
AM to decrease. So the region below each of these
colored zones corresponds to underabundant DM
(small AM implying large coannihilation for a given
m,,.), while the region above corresponds to over-
abundant DM due to the same logic. In this region
the Yukawa coupling Y,, which governs the anni-
hilation cross section is comparatively small since
Y, o« AMsin@ and AM is small. Also the annihi-
lation cross section decreases with increase in DM
mass. Therefore, when DM mass is sufficiently
heavy (m,, > 1.2 TeV), annihilation becomes too
weak to be compensated by the coannihilation even
when AM — 0, producing DM overabundance.”
(i) In region (II), the coannihilation contribution to the
relic is negligible, thanks to large AM. Therefore,
Higgs-mediated annihilation processes dominantly
contribute to the relic density. As Higgs Yukawa
coupling Y,, o« AM sin 26, for a given sin 6, larger
AM leads to larger Y,, and hence larger annihilation
cross section to yield DM underabundance, which
can only be brought back to the correct ballpark by
having a larger DM mass. By the same logic, larger
sin@ requires smaller AM. Therefore, the region
above each colored zone (giving correct relic density
for a specific range of sin 0) is underabundant, while
the region below each colored zone is overabundant.
Now imposing the constraints from DM direct search
experiments on top of the relic density allowed parameter
space (top panel of Fig. 10) in the AM versus m,,, plane, we
get the bottom panel of Fig. 10, which is crucially tamed
down as compared to the only relic density allowed
parameter space. Here we consider elastic scattering of
the DM off nuclei via Higgs-mediated interaction and
confront our calculated value of direct search cross section
with that from XENONIT [113]. Again, the absence of tree
level Z-mediated direct search channel makes a crucial
difference in the direct search allowed parameter space as
compared to singlet-doublet Dirac fermion DM as elabo-
rated in [74-76,78,79,84]. While a large sin € (up to 0.6)
is allowed in the present case simultaneously by the relic
as well as direct search, only upto sin@ ~ 0.01 is allowed
in the case of singlet-doublet Dirac fermion DM. The
cross section per nucleon for the spin-independent (SI)
DM-nucleon interaction is then given by [82]

3However, AM cannot be arbitrarily small as with AM — 0,
the charged companions y* are degenerate with DM and are
stable. We can put a lower bound on AM by requiring the charged
partners w* of the DM to decay before the onset of big bang
nucleosynthesis (rggy ~ 1 sec.). One may refer to [82] for
further details.
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4, Yysin®20 [m
os1 = A2 :ur M;;l

ny n n n 2 n :
+7 fTu+de+fTs+§ TG (36)

|:U (fTL¢+de+fTS+ fTG

where A is the mass number of Xenon nucleus, m,,(m,,) is
mass of proton (neutron) and M), is mass of the SM Higgs
boson.”

The specific reasons for direct search constraints to rule
out heavy fermion mixing is due to the explicit presence of
the factor Y3, sin® 26 in the direct search cross section given
by Eq. (36), where Y, = AMsin26/2v according to
Eq. (31). So the overall dependency of the direct search
cross section on the mass splitting and the singlet-doublet
mixing goes as, 6g; ~ AM? sin* 2. Definitely, combination
of large AM and large sin€ will not survive the direct
search bound. Note that relic density favors larger sin @
with large AM in order to be within the Planck limit by
virtue of large annihilation. So the region roughly above
AM =20 GeV cannot simultaneously satisfy both the
bounds. The region roughly below AM =20 GeV is
perfectly allowed by direct search even for large sin@.
But from the relic point of view, direct search allowed
points with large sin @ would lead to underabundance for
DM mass up to m,, ~ 700 GeV due to large coannihilation
rates. However, the region beyond m, ~700 GeV is
allowed since annihilation also decreases with an increase
in DM mass, which compensates for the increase in
coannihilation, giving the correct relic. When we consider
both relic density and direct search constraints simulta-
neously as shown in the bottom panel of Fig. 10, large sin 6
is allowed only toward higher DM mass with smaller AM
favoring a degenerate DM spectrum. The SM Higgs
resonance m,, ~ my;/2 is seen to satisfy both relic density
and direct search bound, where AM can be very large
having very small sin 6.

In addition to the tree level t-channel process for the
direct detection prospect of DM discussed here, another
contribution to spin-independent direct search cross section
can be induced via the electroweak couplings at loop level
[117]. The corresponding Feynman diagram is shown
in Fig. 11.

This cross section is given by:

1
_ 2 2
0s] = ZAZ ﬂr|M| (37)

“Different coupling strengths between DM and light quarks are
given by [114,115] as f7, = 0.020 £0.004, /7, = 0.026+
0.003, %, = 0.014 £0.062, f%,=0.020+0.004, /% ,=0.036=+
0.005, f4,=0.118 £ 0.062. The coupling of DM with the gluons
in target nuclei is parametrized by £{2") =1 -3 a=uds STy See
[116] for more recent estimates.

FIG. 11. Spin-independent elastic DM-nucleon scattering aris-
ing from the loop exchange of the vector mediators.

where the amplitude is given by

4g* mym
M="—"""-rtF
167> M3, (

M2> sin Q[pr +(A-2)f,] (38)

and the loop function F is given by:

(8x% — 4x + 2) log =42t

2vx
PrEN

N V1 —4x(2x 4 log(x ))
4x2\/1 - dx

In the above expression y, is the reduced mass and My, is
the mass of SM vector boson (W* or Z) and f » and f, are
the interaction strengths (including hadronic uncertainties)
of DM with proton and neutron respectively. For simplicity
we assume conservation of isospin, i.e., f,/f, = 1. The
value of f, vary within arange of 0.14 < f,, < 0.66 and we
take the central value f, ~1/3 [84,118]. In Fig. 12, we
have shown this loop induced spin-independent DM-
nucleon scattering cross section as a function of DM mass
m,,, where the color code represents the value of singlet-
doublet mixing sin €. It is evident from this figure that, this

F(x) =

(39)
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FIG. 12. Loop-induced SI direct detection cross section as a
function of DM mass.

015029-11



BORAH, DUTTA, MAHAPATRA, and SAHU

PHYS. REV. D 105, 015029 (2022)

loop induced DM-nucleon scattering cross section is almost
independent of DM mass consistent with the result pre-
sented in [119]. Clearly, large values of singlet-doublet
mixing, sin@ > 0.8 are ruled out by the latest constraint
from the XENONIT experiment (shown by the blue solid
line) for DM mass below 600 GeV. However, further
smaller values of mixing angle can be probed by the future
experiments like XENONnT and DARWIN, the sensitivity
of which are shown by the magenta and red dotted lines
respectively.

Note that although there is a possibility of direct
detection by electron recoil though Z —Z,. mixing by
assuming a sub GeV or GeV scale DM either through
elastic [120] or inelastic scattering [121,122], the corre-
sponding relic density for such a sub-GeV DM will be
overabundant by several orders of magnitude.

DM in WIMP paradigm can also be probed by different
indirect detection experiments which essentially search for
SM particles produced through DM annihilations. Among
these final states, photon and neutrinos, being neutral and
stable can reach the indirect detection experiments without
getting affected much by intermediate medium. These
photons, which are produced from electromagnetically
charged final states, lie in the gamma ray regime for typical
WIMP DM and hence can be measured at space-based
telescopes like the Fermi Large Area Telescope (Fermi-
LAT) or ground based telescopes like MAGIC or HESS.
Measuring the gamma ray flux and using the standard
astrophysical inputs, one can constrain the DM annihilation
into different final states like W*W~ utu~, 777" ,bb. In
Fig. 13, we show the points satisfying both relic constraint
and direct search constraint confronted with the combined
constraints from MAGIC and Fermi-LAT [123] for

MAGIC+Fermi-LAT Constraints

107%F
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FIG. 13. (ov),,,,xx are shown as a function of DM mass
where X is the species as mentioned in the inset of figure. Only
the points that satisfy DM relic and direct detection constraint
are shown.

annihilation of DM into different species as mentioned
in the inset of figure. The dotted lines of different colors
show the corresponding upper limit on the DM annihilation
cross section from MAGIC + Fermi-LAT. The more recent
analysis indicate similar upper bounds [124,125]. Clearly, a
small part of the parameter space, near SM Higgs resonance
region, can be disfavored while future measurements can be
sensitive to some parts of the heavier DM mass regime.

V. COLLIDER SIGNATURES

Thanks to the presence of the doublet W, the singlet-
doublet model has attractive collider signatures such as—
opposite sign dilepton + missing energy (£7¢~ + Eyp),
three leptons + missing energy (£¢¢ + Er) etc., see
[82,126]. While such conventional collider signatures have
been discussed in details in earlier works, here we briefly
comment on an interesting feature of the model: the
possibility of displaced vertex signature of y*. Once these
particles are produced at colliders by virtue of their
electroweak gauge interactions, they can live for longer
periods before decaying into final state particles including
DM [75,84,127]. A particle like w* (which is the NLSP in
our model) with sufficiently long lifetime, so that its decay
length is of the order of 1 mm or longer, if produced at the
colliders, can leave a displaced vertex signature. Such a
vertex which is created by the decay of the long-lived
particle, is located away from the collision point where it
was created. The final state like charged leptons or jets from
such displaced vertex can then be reconstructed by dedi-
cated analysis, some of which in the context of the Large
hadron collider (LHC) may be found in [128-130]. Similar
analysis in the context of upcoming experiments like
MATHUSLA, electron-proton colliders may be found in
[131,132] and references therein.

Since a large region of available parameter space of the
model relies on small AM (see in the bottom panel of
Fig. 10), the decay of w* may be phase space suppressed
and can produce very interesting displaced vertex signature.
The decay rate for the allowed processes y* — y37* and

wt = y3lFy, in the limit of small AM is given by

G? _ m2,
Dyeynt B 7F (frcos0.)*sin*0AM>\ [ 1 — A];Iz’

G% in2 5 m%
Fl//i—>)(3liy1 ~ @Sln OAM 1-— AMZ’ (40)

where Gy = 1.16 x 107> GeV~? is the Fermi constant,
[z =135 MeV is the pion form factor, 8, is the Cabibbo
angle and sin @ is the singlet-doublet mixing angle. Using
the decay width given by Eq. (40), we can calculate the
decay length L of ™ in the rest frame of . In Fig. 14,
we show the contours of decay length L, in the AM — sin @
plane, considering AM and sin € in the range allowed by all
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FIG. 14. Contours of decay length (L) of y* in the AM — sin
plane.

other constraints related to DM, (g — 2) as well as CLFV.
We see that, for sufficiently small AM(AM < 10 GeV),
the decay length (L) can be significantly large to be
detected at the collider, while nonobservation of a displaced
vertex or a charge track will result in a bound on AM —
sin @ plane. If the mass splitting is even smaller, say of the
order of O(100 MeV), the decaying particle = can be
long-lived enough to give rise to disappearing charged track
signatures [127,133,134] which are also constrained by the
LHC [135]. We do not discuss this possibility here and refer
to the above-mentioned works and references therein for
further details.

VI. SUMMARY AND CONCLUSION

Motivated by the growing evidences for anomalous
magnetic moment of muon together with recent hints of
electron anomalous magnetic moment, but in the opposite
direction compared to muon, we study a well motivated
particle physics scenario based on gauged L, — L, sym-
metry. While the minimal model does not have any dark
matter candidate but explains light neutrino masses via type
I seesaw mechanism at tree level, there exists a small
parameter space currently allowed from all limits which is
consistent with observed muon (g — 2) where the positive
contribution to (¢ — 2) comes from light vector boson loop.
In order to accommodate DM and a negative electron
(g —2), we first consider a scotogenic extension of the
model by including an additional scalar doublet # and an in-
built Z, symmetry under which RHNs and # are odd while
SM fields are even. Even though there exists a charged
scalar loop contribution to (g — 2) in this model, due to the
absence of chiral enhancement, it is not possible to explain
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FIG. 15. Final parameter space simultaneously allowed from

Aa, = —[87+£36] x 1074, Aa, <-107"" & Br(u — ey)<
4.2 x 10713 as well as constraints from correct relic density DM
and direct search of DM at XENONT. Cyan shaded region is ruled
out by LEP exclusion bound on charged fermion mass.

(9 = 2), whilebeing consistent with overall positive (g — 2),,
and other bounds from neutrino mass, LEVetc. Therefore, we
further extended the model by an additional vector like lepton
doublet to get an enhanced negative contribution to electron
(g — 2) with DM phenomenology driven by the well-studied
singlet-doublet fermion DM candidate. We constrain the
model from the requirements of (g — 2), neutrino mass, LFV
constraints and then discuss the singlet-doublet DM phe-
nomenology. In Fig. 15, we showcase the final parameter
space satisfying flavor observables as well as the constraints
from correct relic density and direct search of DM in the
plane of m, — AM. It is a riveting feature of this scenario
that once the constraints from (g — 2) of electron and CLFV
are imposed, it limits the allowed DM mass in a range
1-300 GeV which gets further squeezed to around
60-300 GeV once the LEP bound on yw* mass is imposed
ruling out the cyan colored triangular region. It is also
interesting to note that the mass splitting gets restricted only
up to 20 GeV except in the Higgs resonance region where
larger AM is allowed. This depicts the fact that in this
scenario both dark sector phenomenology and the flavor
observables are deeply coupled making it highly prognostic.

Thus, being in agreement with all relevant bounds, the
model remains predictive at CLFV, DM direct detection,
indirect detection as well as collider. In addition to the
singlet-doublet parameter space sensitive to both high and
low energy experiments like the LHC, MEG (or (g — 2))
respectively, the existence of light L, — L, at sub-GeV
scale also remains sensitive at low energy experiments like
NA62 at CERN, offering a variety of complementary
probes.
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APPENDIX A: NEUTRAL FERMION MASS
MATRIX

Neutral fermion mass matrix for the dark sector in the
basis (3)°, ). (V). (N,)°. (N,))T as:

0 M H 0 0
M 0 20
M= | 2 M, o L (A1)
0 0 moZ2oM,
0 0 Ts M, T2
(g ;) (2

o Y. Y, v,
and My = \;E \#/E M,
Yervl Yrﬂz
i Me 5

Since y; and y has no coupling with N, and N, and
My being a symmetric matrix can always be diagonalized
using an orthogonal matrix R(a,, a3, @3) such that
|

‘Cint

g
[ler >

e cos 20y
2 sin By, cos Oy

where g =
the U (l)L L, couphng constant

)v/*r"Zﬂw‘ + Y, YH(N, + N¢),

the flavor eigenstates(N,, N,, N.) are related to the
mass eigenstates Ny, N,, and N; (with masses M/, M),
and M%) as:

N, =cpepNy + (—523512 - 012513S23)N2
+ (=€12023813 + 512523)N3

N/l = s12¢13N 1 + (€12¢23 = 512523513) N,
+ (=812023813 + €12523) N3

N, = 513N + c13523N, + c13¢23N3 (A3)
where we abbreviated cos a;; = ¢;; and sinq;; = s;;.

As q;; angles are free parameters assumlng sin o, and
sin a3 small N, dominantly becomes N; with negligible
admixture of N, and Nj.

Thus the neutral fermion mass matrix relevant for
singlet-doublet DM phenomenology can be written in

the basis ((w%),w?, (N}))T

Y, v
0 M C2€i3 75
Y,v
M = M 0 C]ZC]:;W
Y, v Y, v 2 2 /
Cnc3 5 iy CncnM
0 M mp
=M 0 m (A4)

mp mp M,

Y, v
Where M| = ¢},c2, M/ and mp = Crci3ly = crpC3my

APPENDIX B: DM-SM INTERACTION

The interaction terms of the dark and visible sector
particles in the gauged U(1) L,-L, scenario can be obtained
by expanding the kinetic terms of ¥ and N g, given in
Eq. (23) as the following,

ig— B :| ¥+ T&iyﬂ<_igﬂTYﬂT(ZﬂT)ﬂ)NRi

iy
e e —
O”ZO 0[4W+_ +;4w—0_ TuHA W
(ZSlnﬁwcosew)wy s +ﬁsmgw(w;’ WYY TWYY) — ey T Ay

(B1)

being the Weinberg angle and g,,, is

015029-14
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These interactions, when written in terms of the physical states become

e
Lo
n <2 sin @y, cos Oy

e
+7
\/isin Ow

—y iyt Wy, —sinQyt y*Wyys) — eyt yH Ay — (

(cosOpir" Wiy~ + air* Wiy~ —sinOpzr*Wiw™) +

) (=cosOyiLiy*Z, o1, — sin Oy iy* Z, x5, +H.e.)

(cos Oyt y* W,

e
\/f sin Oy

e cos 20
u )w*y"Zﬂw‘- (B2)

2 sin Oy, cos Oy,
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