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Abstract: We consider an anomaly free extension of the standard model gauge group Ggy by an
abelian group to Ggy ® U(1)z. The condition of anomaly cancellation is known to fix the Z-charges
of the particles, but two. We fix one remaining charge by allowing for all possible Yukawa interactions
of the known left-handed neutrinos and new right-handed ones that obtain their masses through
interaction with a new scalar field with spontaneously broken vacuum. We discuss some of the
possible consequences of the model.
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1. Introduction

The remarkable experimental success of the standard model of elementary particle interactions [1]
leaves very little room for the explanation of the observed deviations from it. This success story has
culminated in the discovery of the Higgs particle [2,3], which could not have happened without the
immense theoretical input to the design of the accelerator and the experiments. With this discovery,
a new era of particle physics has also arrived as there is no established model that can guide us to
new discoveries. Therefore, theories that might incorporate the existing deviations from the standard
model are desirable.

The most outstanding experimental observations that cannot be explained by the standard
model are the (i) abundance of dark matter in the universe; (ii) non-vanishing neutrino masses;
(iii) leptogenesis (Baryogenesis can be explained in the standard model provided leptogenesis occurs,
which is called lepto-baryogenesis); (iv) accelerating expansion of the universe, signaling the existence
of dark energy [4] (There are numerous other deviations of experimental results from precision
predictions, but to date none has reached the significance of discovery). In addition to (i)-(iv),
(v) inflation in the early universe is also considered a fairly established fact, although there is no direct
proof for it. All these facts have to be explained by such an extension of the standard model that
respects (a) the high precision confirmation of the standard model at collider experiments (b) and the
lack of finding new particles beyond the Higgs boson by the LHC experiments [5,6]. There is one more
feature of the standard model, the metastability of a vacuum [7,8] that does not necessarily require
new physics, but, if new physics exist, it should not worsen the stability, but possibly push the vacuum
to the stability region.

In addition to the experimental success of the standard model, it is also highly efficient being
based on the concepts of local gauge invariance and spontaneous symmetry breaking [9,10]. The only
exception of economical description is the relatively large number of Yukawa couplings of the fermions
needed to explain their masses. The generation of the fermion masses, however, is also highly efficient
in the sense that it uses the same spontaneous symmetry breaking of the scalar field to which all
other particles owe their masses. In this spirit, it is reasonable to expect that the non-vanishing
masses of the neutrinos should be explained by Yukawa couplings too. In addition, the choice of the
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gauge groups and number of family replications look arbitrary and presently these are determined by
phenomenology only.

Clearly, the neutrino masses must play a fundamental role in the possible extensions of the
standard model. As the gauge and mass eigenstates of the neutrinos differ, they must feel a second
force to the gauge interaction. The second force can be a Yukawa coupling to a scalar. Such explanation
of neutrino masses in general requires the assumption of the existence of right-handed neutrinos and
perhaps a new scalar field.

In the spirit of economy and level of arbitrariness explained above, in this article, we propose
an extension of the zoo of particles in the standard model with three right-handed neutrinos and the
gauge symmetry of the standard model Lagrangian Gy = SU(3) ® SU(2)L @ U(1)y to Gey @ U (1) 7.
Such extensions have already been considered in the literature extensively (for an incomplete set
of popular examples and their studies, see [11-13]). In particular, it was shown that the charge
assignment of the matter fields is constrained by the requirement of anomaly cancellations up to two
free charges [14]. To define the model completely, one has to take a specific choice for these remaining
free charges. In this article, we propose that the mechanism for the generation of neutrino masses fixes
the values of the U(1) 7 charges up to an overall scale that can be embedded in the U(1) 7 coupling.

The difference between our proposal and existing studies is two-fold. The model proposed here
introduces a new force along the same principles as the known forces are included in the standard
model: all renormalizable terms that are allowed by the underlying gauge symmetry are present,
but no other symmetry than the extra U(1)z is assumed. Our primary goal is not the prediction of new
observable phenomena at collider experiments, but first focus only on the unexplained phenomena
(i-iv), with respecting the observations (a) and (b). As the deviations from the standard model
are related to the intensity and cosmic frontiers of particle physics, we assume that the new U(1)z
interaction is secluded from the standard model by a small coupling. Thus, we propose the model in a
region of the parameter space that has received little attention before.

2. Definition of the Model

2.1. Fermion Sector

We consider the usual three fermion families of the standard model extended with one
right-handed Dirac neutrino in each family (We find it natural to assume one extra neutrino in each
family although known observations do not exclude other possibilities). We introduce the notation

uf vf
¢;'1:<Df> 4;5/2:111/; ¢§,3:Df; ¢1,1:<gf> ¢{2:u£ ¢{3:€£ 1
L L

for the chiral quark fields ¢; and chiral lepton fields ¥;. In Equation (1), L and R denote the left
and right-handed projections of the same field (The Weyl spinors of v1, and vg can be embedded
into different Dirac spinors, leading to Majorana neutrinos, without essential changes in the model.
However, the negative results of the experiments searching for neutrinoless double -decay make the
Majorana nature of neutrinos increasingly unlikely),

YLR=Vr = % (1F7s) ¢ = PRy ()

Then, the field content in family f (f = 1, 2 or 3) consists of two quarks, Llf, D ¢, aneutrino vy and
a charged lepton (¢, where Uy is the generic notation for the u-type quarks Uy = u, Uy = ¢, Uz =t,
while Dy is that for d-type quarks, D; = d, D, =s, and D3 = b. The charged leptons {; canbe {; =¢,
Uy = porf; =tand vy are the corresponding neutrinos, v| = v, V2 = vy, V3 = vr.
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For a matrix U € Ggy ® U(1)z, the three generic fields in Equation (1) transform as

Uy (x) = ol L0 (x) giyiB(x) gizil(x) P1(x), where T = %(Tl,Tz, T3), 3)
Uy (x) = eiyfﬁ(x)eizfg(x)tpj(x), where j=2,3,

and & = (aq, a0, a3), with ;, B, { € R. The matrices T; are the Pauli matrices, Y is the hypercharge,
while z; denotes the Z-charge of the field ;. There is a lot of freedom how to choose the Z-charges.
In this article, we make two assumptions that fix these completely. The first is that the charges do not
depend on the families, which is also the case in the standard model (Several recent observations hint
at violation of lepton flavor universality, which may be taken into account in our model by choosing
family dependent Z-charges. However, those results are controversial at present, so we neglect them).
With this assumption, the assignment for the Z-charges of the fermions can be expressed using two
free numbers Z; and Z, of the U quark fields if we want a model free of gauge and gravity anomalies.
The rest of the charges must take values as given in Table 1 [14].

Table 1. Assignments for the representations (for SU(N)) and charges (for U(1)) of fermion and scalar
fields of the complete model. The charges y; denote the eigenvalue of Y/2, with Y being the hypercharge
operator and z; denote the supercharges of the fields ¢; of Equation (1) (j = 1, 2, 3). The right-handed
Dirac neutrinos vy are sterile under the Gy group. The sixth column gives a particular realization of
the U(1)z charges, motivated below, and the last one is added for later convenience.

field SU(3). SU(2)L y; zj zj 1 =2zjlzp —y;
U, D 3 2 i Z; i 0
Ur 3 1 2 Zy z 3
1 5 1
Dy 3 1 -1 2z1-z, -2 -1
VL, KL 1 2 % *3Z1 *% 0
VR 1 1 0 Zy — 47, 3 3
IR 1 1 -1 =2Z1-2Zy -3 -1
¢ 1 2 3 Z 1 2
1 1 0 zZy -1 -1

The Dirac Lagrangian summed over the family replications,

3 3
Lo=i Y, Y (B ] (x) + 9] (0] (),
f=1j=1 (4)
D = 9" +ige T- W +igy y;B! + igz z;Z"

is invariant under local G = Ggy ® U(1)z gauge transformations, provided the five gauge fields
introduced in the covariant derivative transform as

T WH(x) S T- W (x) = U(x) T- WF(x) Ut (x) + gi " U(x)] Ut (x)
L

B S B = B(x) - () 20 Z0(x) = Z() - ML),
Y V4

©)

where U(x) = exp [iT - « (x)]. The gauge invariant kinetic term for these vector fields is

1 1 1
Loz = =g BuB™ = 322l = Wy - W, ©)



Symmetry 2020, 12, 107 4 0f 18

with By, = 9,B, — 9,B;, = 8[va], Zyy = B[VZV] and W, = B[VWV] — g W, x Wy. The field strength
T - W, transforms covariantly under G transformations, T - W, N U(x)T-Wyy ut(x), but B,y and
Z,y are invariant, hence a kinetic mixing term of the U(1) fields is also allowed by gauge invariance:

€
— 5Bzt @)

We can get rid of this mixing term by redefining the U(1) fields using the transformation

B! 1 sinfy B
" — K inf, = e. 8
(Z;) (0 cosez> (Z},> sinbz=¢ ®)

In terms of the redefined fields, the covariant derivative becomes
D]” =o' +ig T- WF +igy y;B" +i(g7 zj — &y vj) 2", ©)

where g}, = gy tanfz = egy + O(€3) and g, = g7/ cos 07 = gz + O(€?). Thus, the effect of the kinetic
mixing is to change the couplings of the matter fields to the vector field Z¥. Note that we cannot
immediately combine the coupling factor (g% z; — gy ;) into a single product of a coupling and a
charge. We shall discuss this issue further below.

Gauge symmetry forbids mass terms for gauge bosons. Fermion masses must also be
absent because

mpp = mPLpr +mPryy,

but the ¢y, YR fields transform differently under G. Thus, the G-invariant Lagrangian describes
massless fields in contradiction to observation.

2.2. Scalar Sector

To solve the puzzle of missing masses, we proceed similarly as in the standard model, but,
in addition to the usual Brout-Englert-Higgs (BEH) field ¢, which is an SU(2) -doublet

¢ L (¢1+id
= = . ) 10
’ (cpo V2 \ ¢ + iy (10
We also introduce another complex scalar x that transforms as a singlet under Ggy
transformations. The gauge invariant Lagrangian of the scalar fields is

Lyx = [Dpu¢)* Dy + [Dyux]*Dyx = V(9. ), (11)
where the covariant derivative for the scalar s (s = ¢, x) is
Df =o' +igr T- W +igy ysB" +i(gy zs — & ys)Z™ (12)

and the potential energy

A % 2
V(ox) = Vo 19 — BIxP + (Iof2 Ix?) ( ! ;X> (Ij}) , 13)

in addition to the usual quartic terms, introduces a coupling term —A|¢|?|x|? of the scalar fields in the
Lagrangian. For the doublet, |¢| denotes the length /| |2 + |$0|2. The value of the additive constant
Wy is irrelevant for particle dynamics but may be relevant for inflationary scenarios, hence we allow
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for its non-vanishing value. In order for this potential energy to be bounded from below, we have to
require the positivity of the self-couplings, Ay, Ay > 0. The eigenvalues of the coupling matrix are

1
Ae =5 <A¢ F At/ (Mg — A2+ /\2> ) (14)

while the corresponding un-normalized eigenvectors are
2(As — Ay) 2(A-—Ay)
ut) =2 L and u(?) =A% A (15)

As AL > 0and A_ < AL, in the physical region, the potential can be unbounded from below
only if A_ < 0 and u(~) points into the first quadrant, which may occur only when A < 0. In this case,
to ensure that the potential is bounded from below, one also has to require that the coupling matrix be
positive definite, which translates into the condition

AApAy — A* > 0. (16)

With these conditions satisfied, we can find the minimum of the potential energy at field values
=0/ V2 and x=w/ /2 where the vacuum expectation values (VEVs) are

=2 (17)
Using the VEVs, we can express the quadratic couplings as
A A
2 _ ) 2 2 2 _ 2 2
pg = Agv” + W Hy = Ayw” + 70 (18)

so those are both positive if A > 0. If A < 0, the constraint (16) ensures that the denominators of the
VEVs in Equation (17) are positive, so the VEVs have non-vanishing real values only if

2\ — Apy >0 and  2App3 — Apg >0 (19)

simultaneously, which can be satisfied if at most one of the quadratic couplings is smaller than zero.
We summarize the possible cases for the signs of the couplings in Table 2.

Table 2. Possible signs of the couplings in the scalar potential V (¢, x) in order to have two
non-vanishing real VEVs. @ is the step function, ®(x) = 1ifx > 0and 0if x < 0.

O(A) ©O(p) O(Ay) O(4rpAy —A%) O(n3) O(ny) ©Axuy — Apz)O(2Agpy — Apl)

1 1 1 unconstrained 1 unconstrained
0 1 1 1 1 unconstrained
0 1 1 1 0 1

After spontaneous symmetry breaking of G — SU(3). ® U(1)q, we use the following convenient
parametrization for the scalar fields:

¢ = \}E el T-6(x)/v (U N 2’(9()) and x(x) = \}E /@ (46" (x)) . (20)
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We can use the gauge invariance of the model to choose the unitary gauge when

, 1 0 / 1 /
(P(x)_\/E(v—i—h’(x)) and X(x):ﬁ(w—ks(x)), (21)

and the vector fields are transformed according to Equation (5). With this gauge choice, the scalar
kinetic term contains quadratic terms of the gauge fields from which one can identify mass parameters
of the massive standard model gauge bosons proportional to the vacuum expectation value v of the
BEH field and also that of a massive vector boson Z'* proportional to w. We can diagonalize the mass
matrix (quadratic terms) of the two real scalars (i’ and s’) by the rotation

h) [cosbs —sinfg W
(s) N (sin@s c0595> (s’) ! 22)

where, for the scalar mixing angle s € (—%, ), we find

A
sin(26g) = — o . (23)
\/()&4,02 — AMw?)? 4+ (Avw)?
The masses of the mass eigenstates & and s are
1/2
My = <A¢02 + A w? F \/ (Ag0? — Ayw?)2 + (Avw)2> , (24)

where M;, < My by convention. At this point, either & or H can be the standard model Higgs boson.
A more detailed analysis of this scalar sector but within a different U(1)z model can be found in
Ref.[15] and for the present model in Ref. [16].

2.3. Fermion Masses

We already discussed that explicit mass terms of fermions would break SU(2)p ® U(1)y
invariance. However, we can introduce gauge-invariant fermion-scalar Yukawa interactions (We
distinguish the hypercharge Y from the index referring to Yukawa terms using different type of letters)

Ly =—[cpQr-¢Dr~+cyQr - ¢Ur +c/Ly - ¢ Lr] +hec, (25)

where h.c. means Hermitian conjugate terms and the parameters cp, cy;, ¢, are called Yukawa couplings
that are matrices in family indices and summation over the families is understood implicitly. The dot
product abbreviates scalar products of SU(2) doublets:

- o Pt) - PO+
Qu-¢= (U, D). 0 Qu-¢= (U, D). ) (26)
and L = (7, {). The Z-charge of the BEH field is constrained by U(1)z invariance of the Yukawa
terms to zyp = Zp — Z;, which works simultaneously for all three terms.

After spontaneous symmetry breaking and fixing the unitary gauge, this Yukawa
Lagrangian becomes

Ly=—— (U + h(x)) [CD DLDR +cy ULUR +cy ZLKR} + h.c. (27)

N
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We see that there are mass terms with mass matrices M; = %, wherei = D, U, ¢:
h(x)\ = - -

Ly =— (1+ Z)) [DLMD Dr + U, My Ug + 41, MZER} + h.c. (28)

The general complex matrices M; can be diagonalized employing bi-unitary transformations.

The diagonal elements on the basis of mass eigenstates provide the mass parameters of the fermions.

Due to the bi-unitary transformation, the left- and right-handed components of the fermion field are
different linear combinations of the mass eigenstates.

The neutrino oscillation experiments suggest non-vanishing neutrino masses and the weak and

mass eigenstates of the left-handed neutrinos do not coincide. In principle, the charge assignment

of our model allows for the following gauge invariant Yukawa terms of dimension four operators

for the neutrinos

- - 1 —
Ly =— Z ((Cv)ijLi,L PUiR+ 5 (cR)ij ViRVjR X) +hec (29)
L]
for arbitrary values of Z; and Z, if the superscript ¢ denotes the charge conjugate of the field,
V¢ = —iyv*, and the Z-charge of the right-handed neutrinos and the new scalar satisfy the relation
Zy = —2zy. There are two natural choices to fix the Z-charges: (i) the left- and right-handed neutrinos

have the same charge; or (ii) those have opposite charges (We explain in Section 2.5 the reason for
considering this choice being natural). In the first case, we have

Zy — A7y = —374, (30)

which is solved by Z; = Z,, and it leads to the charge assignment of the U(1)p_1 extension of the
standard model, studied in detail (see for instance, [17] and references therein). In the second case,

Zy — 47y = 37,, (31)

which is solved by Z; = Z;/7. As the overall scale of the Z-charges depends only on the value of
the gauge coupling g’,, we set Z; freely. For instance, choosing Z, = 7/6 implies Z; = 1/6 and the
Z-charge of the BEH scalar is

zp =1, (32)

while that of the new scalar is
Zy=—1=—zp. (33)

While we cannot exclude the infinitely many cases when the magnitudes of Z-charges of the
left- and right-handed neutrinos differ, we find it natural to assume that Equation (31) is valid.
The corresponding Z-charges are given explicitly in the sixth column of Table 1.

After the spontaneous symmetry breaking of the vacuum of the scalar fields, Equation (29) leads
to the following mass terms for the neutrinos:

1 . C
Ly=-3)% [ (ﬁ, Vﬁ)iM(h,S)ij <://IE> +he.|, (34)
i,j j
where
I
M(h’s)ij _ 0 mp (1 + v) ) (35)
mo (1+4) Mu(1+3) )

with complex mp and real My being symmetric 3 x 3 matrices, so M(0,0) is a complex symmetric
6 x 6 matrix. The diagonal elements of the mass matrix M(0,0) provide Majorana mass terms for the
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left-handed and right-handed neutrinos. Thus, we conclude that the model predicts vanishing masses of
the left-handed neutrinos at the fundamental level.

The off-diagonal elements represent interaction terms that look formally like Dirac mass terms,
— ¥, ViL(mp);jvjr+ h.c. After spontaneous symmetry breaking the quantum numbers of the particles
vip and v; g being identical, they can mix. Thus, the propagating states will be a mixture of the left-
and right-handed neutrinos, providing effective masses for the left-handed ones. Those states can
be obtained by the diagonalization of the full matrix M(0,0), for which a possible parametrization is
given for instance in Ref. [18].

In order to understand the structure of the matrix M(0, 0) better, we first diagonalize the matrices
mp and My separately by a unitary transformation and an orthogonal one. Defining

v ;=3 (Up)jvyj and vg; =Y (OR)ijvr s (36)

j j

we can rewrite the neutrino Yukawa Lagrangian as

1 — I ‘
&35 () w0 (%) e, &
i : "R/
where
/ 0 mv (1+14)
M'(h,s) = (38)

Vim(1+14) M(1+3)

In Equation (38), m and M are real diagonal matrices, while V = UE OR is a unitary matrix,
VvVt =1,s0 M'(0,0) is Hermitian with real eigenvalues that are the masses of the mass eigenstates
of neutrinos. In general, M’(0,0) may have 15 independent parameters: m; and M; (i = 1, 2, 3),
while there are three Euler angles and six phases V. Three phases can be absorbed into the definition
of v .

Assuming the hierarchy m; < M;, we can integrate out the right-handed (heavy) neutrinos and
obtain an effective higher dimensional operator with Majorana mass terms for the left-handed neutrinos

1 h\? (7
fimes = —5 LM, (1 + U) (Viivip +he). (39)
1

The Majorana masses 11 ;, i.e., eigenstates of the matrix m]BMi,IlmD, are suppressed by the ratios
m;/ M; as compared to m;. The latter has a similar role in the Lagrangian as the mass parameters of the
charged leptons, so one may assume m1; ~ O(100 keV), while the masses of the right-handed neutrinos
can be naturally around O(100 GeV), so that m;/M; ~ O(10~%%!) and my;; < 0.1eV. Thus, if m; < M;,
then the mixing between the light and heavy neutrinos will be very small, the v;; can be considered as
the mass eigenstates that are mixtures of the left-handed weak eigenstates, and whose masses can be
small naturally as suggested by phenomenological observations.

As we can only observe neutrinos together with their flavors through their charged current
interactions, it is more natural to use the flavor eigenstates than the mass eigenstates. In the flavor

basis, the couplings of the leptons to the W boson are diagonal:

8 = f% Y v/ W, + hee. (40)



Symmetry 2020, 12, 107 9of 18

with summation over the three lepton flavors f = e, y and 7. The same charged current interactions in
mass basis v, ; = (Upmns); fv{, contain the Pontecorvo-Maki-Nakagawa—Sakata matrix Upyns,

3
L = _% Y 7L (Upwins)ig W' € + hee. (41)
=1

just like the charged current quark interactions contain the Cabibbo-Kobayashi-Maskawa matrix.
If the heavy neutrinos are integrated out, then the matrix Uy, coincides with the PMNS matrix.
For propagating degrees of freedom, such as in the case of traveling neutrinos over macroscopic
distances, one should use mass eigenstates vy, ; and the PMNS matrix becomes the source of neutrino
oscillations in flavor space. However, in the case of elementary particle scattering processes involving
the left-handed neutrinos, one can work using the flavor basis, i.e., with Equation (40) because the
effect of their masses can be neglected.

2.4. Re-Parametrization into Right-Handed and Mixed Couplings

Having set the Z-charges of the matter fields, we can re-parametrize the couplings to Z’ using the

new coupling

— oy sin@
Sy = gy — gl = 82872 Cfsy(, 2 = g7 —egy +0O(e?), 42)
Z

with € being the strength of kinetic mixing. Then, the covariant derivative in Equation (9) becomes
DI = o +igL T- WH +iy;gyB™ +i(rjg% +y87zy) 2, (43)

where r; = z; — y; and its values are given explicitly in the last column of Table 1. Thus, if a U(1)z
extension of Gg) is free of gauge and gravity anomalies and the Z-charges of left and right-handed
fields are the opposite, then it is equivalent to a U(1)r extension with tree-level mixed coupling
8%y [19], related to the kinetic mixing parameter € by Equation (42).

Particle phenomenology of the standard model suggests that the interaction of the fermions
through the Z’ vector boson must be suppressed significantly. The origin of such a suppression can be
either a small coupling to Z’ or the large mass of Z’. Usual studies in the literature focus on the latter
case. Here, we suggest to focus on the former possibility.

The complete Lagrangian is the sum of the pieces given in Equations (4), (6), (11), (25) and (29),

L=Lp+ ﬁgrz/w + E(P,X + Ly + ﬁ%/(, (44)

with covariant derivative given in Equation (43), i.e., the kinetic mixing of Equation (7) is also taken
into account.

2.5. Mixing in the Neutral Gauge Sector

The neutral gauge fields of the standard model and the Z’ mix, which leads to mass eigenstates
Ay, Zy and T, (not to be confused with the isospin components T;, i = 1, 2, 3). The mixing is described
by a 3 x 3 mixing matrix as

Wﬁ cos By cosr — cosbBy sinfr sin By Zy
B, | = | —sinfwcosfr sinfy sinfr cos fw T, | - (45)
Z;l sin O cos Ot 0 Ay
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For the Weinberg mixing angle 6y, we have the usual value sin 6y = gy//¢? + g>. We introduce
the notion of reduced coupling defined by y; = g;/g1,i-e., v = 1. Then, we have

. Ty 1
sinfy = ——, cosby = —— (46)
V1+93 V31+73

and, for the mixing angle 67 of the Z’ boson, we find

1/2
singr = | L [1- 1 /
2 V(1 + 12+ 12)2 — 472 ’

(47)
1/2
cosfOr = E 1+ -
T2 V(42 +12)2 — 472 ’
so tan(207) = 2x/ (1 — k% — 72), with
/ _2 / / t
k=202 _pztnp (48)
V1+93 V1+73
and -
tan = o (49)

is the ratio of the scalar vacuum expectation values (not a scalar mixing angle). For small values of the
new couplings 7%, and v/, implying small «, we have

O =k +O(7%, ). (50)

The charged current interactions remain the same as in the standard model. The neutral current
Lagrangian can be written in the form

Lne = Lgep + L7 + Ly, (51)

where the first term is the usual Lagrangian of QED,

3 3
Lapp = —eAullm  Tom = Y, Y ¢ (%, (0" ] () + B (x)r 9] (). (52)
f=1j=1

The second one is a neutral current coupled to the Z° boson,
Ly = —eZH<Cos OrJk + sin Oy ]#) — —ez,]h +0(67), (53)
and the third one is the neutral current coupled to the T? boson,
L1 = —eTy ( — sin QTIQ + cos GT]%{) . (54)

In Equation (52), e is the electric charge unit and ¢; is the electric charge of field ¥; in units of e.
In Equations (53) and (54), ]; is the usual neutral current,

3 3 T3—sin29wej

(7,090, + B o] ), )

o sin By cos By
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while the new neutral current has the same dependence on fermion dynamics with different
coupling strength:

3 + B
Z Z an—g;ﬂ] (700! () + (07wl (). (56)

We can rewrite these currents as vector-axialvector currents using the non-chiral fields ¢
2X
Zl/Jf 'y?‘( )75)1/Jf(x) X=ZorT (57)

with vector couplings UJ((X) and axialvector couplings a]((X) given in Appendix A and the summation

runs over all quark and lepton flavors. Clearly, the QED current J4y, can also be written using non-chiral
fields in the form of Equation (57) with v}em) = ey and aj((em) =0.

As the dependence on the couplings and charges of the neutral currents in Equations (55) and (56)
are very different for different fermion fields, the only way that the standard model phenomenology is
not violated by the extended model is if 67 is small, which supports the expansion used in Equation (53).
The choice for the Z-charges made in Equation (31) leads to the current J; being chiral, which we find
natural as it mixes with the other chiral current ]5 according to Equations (53) and (54).

To define the perturbation theory of this model explicitly, we present the Feynman rules in
Appendix A.

2.6. Masses of the Gauge Bosons

The photon is massless, while the masses of the massive neutral bosons are

cos Or

My =M 1 —xtanfr)? (te)zl/z 58
7 = WCOSBW[( —xtanf7)” 4 (Ttanfr } (58)
and o 2
Mr = My ST {(1 + K cotfr)? + (TCOtGT)Z} , (59)
cos By

where My = %ng, and we assumed Mt < My. Indeed, in order to have M  within the experimental
uncertainty of the known measured value, we need 61 ~ 0, which justifies the expansions at x = 0,

_ My 7Y . Mw
z= cos By (1 +0(x )> " cos By (60)
and M
w 2
= 1 ~ i 1
Mr cosGWT< +0O(x )) Mz, (61)

where we used Equation (50) and My = wg’,. Thus, T can also be written as the ratio of the masses of
the two massive neutral gauge bosons,

Mr
~ Mr 62
My M, (62)

justifying our assumption on the hierarchy of masses. In fact, unless w > v, we find Mt < Mz.
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2.7. Free Parameters

There are five parameters in the scalar sector, Ay, Ay, A, v and w that has to be determined
experimentally, while the values of yy and yiy (at tree level) are given in Equation (18). However, it is
more convenient to use parameters that can be measured more directly, for instance,

M;, My sinfg v = (\ﬁGF)il/z and tan j3, (63)

of which we know two from measurements: one of the scalar masses and Fermi’s constant.

In addition to the neutrino Yukawa couplings (or neutrino masses and PMNS mixing parameters),
there are five free parameters in the model that we choose as the mass of the new scalar particle M}, or
Mp (the other being fixed by the mass of the Higgs boson), the scalar and vector mixing angles sin fg
and sin 07, the ratio of the vacuum expectation values tan § and 7 that is essentially the new gauge
coupling. It can be shown [16] that, requiring stable vacuum up to the Planck scale, the Higgs particle
coincides with the scalar & and according to a one-loop analysis of the running scalar couplings My
falls into the range [144,558] GeV.

The other parameters can be expressed in terms of the free ones as follows: w = vtanf,

1 2 2 2 a2
Ap = 702 (Mh/Hcos fs + My, sin 95> ,
A, = L (M2 cos? g + M2, sin? 95) (64)
X7 o2 H/h h/H ’
MZ _ MZ

first indices are to be used if Ayv? < A, w?, the second ones otherwise). The new parameters in the
¢ X P
gauge sector can be expressed as

T—xtanf
tan 8 sin Oy

T
2 tan 3 cos By

T—xtanf ; _ 2ktanB—T

W= VY = 5
Y7 tanBcosfy Y 2tanBcosby’

tanfy = =

(65)

x = cot(207) (\/1 + (1 - 12) tan?(207) — 1) = (1—12)sinfr +O(63).

3. Discussion

Our hope in devising this model is to explain the established experimental observations listed in
the introduction. We envisage the following scenario:

o  The lightest new particle is a natural candidate for WIMP dark matter if it is sufficiently stable.
Majorana neutrino mass terms for the right-handed neutrinos and Yukawa interactions between
the left- and right-handed neutrinos and the BEH vacuum are generated by the spontaneous
symmetry breaking of the scalar fields as outlined in Section 2.3. This scenario provides a possible
origin of neutrino oscillations and effective Majorana mass terms for the left-handed neutrinos.

e The neutrino Yukawa terms provide a source for the PMNS matrix as shown in Section2.3,
which can have a CP-violating phase yielding stronger CP violation in the lepton sector than there
is in the quark sector.

e  The vacuum of the x scalar has a charge z; = —1 (or r; = —1) that may be a source of the current
accelerated expansion of the universe.

e  The second scalar together with the established BEH field can cause hybrid inflation.

At present, we consider these possible consequences of the model that need further studies to
find out if they fulfill. Before exploring that the model makes these explanations credible, we have to
find answer to the following question: Is there any region of the parameter space of the model that is not
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excluded by experimental results, both established in standard model phenomenology and elsewhere? Of course,
answering this question requires studies well beyond the scope of a single article.

4. Conclusions

In this paper, we collected the well established experimental observations that cannot be explained
by the standard model of particle interactions. We have then proposed an anomaly free extension by a
U(1)z gauge group, which is the simplest possible model. We also assumed the existence of a new
complex scalar field with Z-charge only (i.e., neutral with respect to the standard model interactions)
and three right-handed neutrinos. In order to fix the Z-charges of the particle spectrum, we assumed
that the left- and right-handed neutrinos have opposite Z-charges. Thus, such a model predicts the
existence of (i) a massive neutral vector boson; (ii) a massive scalar particle and (iii) three massive
right-handed neutrinos. The left-handed neutrinos remain massless as in the standard model, but their
Yukawa interactions with the BEH field and the right-handed neutrinos provide a field theoretical
basis for explaining neutrino oscillations and predict effective Majorana masses for the propagating
mass eigenstates.

We have discussed how the new neutral gauge field Z# mixes with those of the standard model
(B" and Wg ) and argued that the mixing results in a new vector boson T? of a small mass related to the
small new gauge coupling and small mixing with the standard model vector fields. We also presented
the Feynman rules of the model in unitary gauge and collected the new free parameters.

In order for the predictions of the model be credible, we have to answer whether there is any
region of the parameter space that is not excluded by experimental results established in standard
model phenomenology or elsewhere. To answer such a question with satisfaction, studies well beyond
the scope of a single article are needed, which forecasts an exciting research project.

Funding: This work was supported by grant K 125105 of the National Research, Development and Innovation
Fund in Hungary.

Acknowledgments: I am grateful to G. Cynolter, D. Horvéth, S. Iwamoto, A. Kardos and S. Katz for their
constructive criticism on the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations

BEH Brout-Englert-Higgs
PMNS  Pontecorvo-Maki-Nakagawa—Sakata
QCD quantum chromodynamics

QED quantum electrodynamics

SM standard model

SSB spontaneous symmetry breaking
uv ultra-violet

VEV vacuum expectation value

Appendix A. Feynman Rules

The Feynman rules of the model are obtained from the complete Lagrangian in Equation (44).
For studying the UV behaviour of the model, it is convenient to use the Feynman rules before SSB,
while for low energy phenomenology the rules after SSB are needed. In this paper, we present only the
latter in a unitary gauge. The propagators of the new fields are related trivially to those of the standard
fields. Thus, we present only the vertices, neglecting the rules related to QCD, which are unchanged.
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e  Gauge field—fermion interactions V, f; fi+ —ieya(C™P- + C* P, ), where C * depends on the type
of the gauge boson participating in the interaction, the flavor f of fermions and family number i

and j as follows:

VRf  C* c-
vfifi o esd efdij
Zfifi (g}r cos 01 + h}r sin 01)d; (gf_ cosfOr + h}? sin 01)d;
Tfif; (—gj[ sin O —l—hf+ cos 0r)d;j (—g}? sinfr +h; cos 1)
Wtid: 0 V.
o V/2 sin By g
7 1
W-du; 0 L A
™ V2sin by 7
1
Wtol; 0 —Jj;
o ﬁsin@w g
W-Ta; 0 5
7 ﬂsin GW g
where s . /
L _Singwe Ty —sinfiyer it TzR} + vy (ef — ij) A1)
f = cosw f 8f T sin Bwcosbw  f sin Oy ’

where R}r =1/2for Uf or vy, RJJ[ = —1/2 for Df or €f and RJ? = 0. The vector and axial vector

couplings of the Z° boson read as

(2)

vyl = %(gj? +ng7> cosfOr + %(h; —I—hjf) sin Ot

B (TJ? - 2(sin9W)2ef) cos Ot + (KEf + WQ(RJf —ef)cos 6W> sin Ot

2 sin By cos Oy

_ T;’ - Z(SinGW)Zef N
2 sin By cos Oy

O(GT)I
(2)

B
S S (.
2 sin By cos Oy +0(0r),

while those of the T? boson are

ag” = %(gf *g}r) cos Ot + %(h; —h}’) sinf1 =

TJ‘Z’ cos O — KR}_ sin O

2 sin By cos Oy

- (KEf +7Y (R —ey) cos GW) cosfr — (TJ% —2(sin Gw)2ef) sin O

O = 2 sin By cos Oy ’ (A2)
+ 3 i
a(T) _ _KRf cos Ot + Tf sin 07
f 2sinfycosfy
e Hf; fj vertex: ieC, where
1 My i

C:

5 '
12 sin By My
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e SR IR vertex: ieC, where
—5: 1 Myg,i
72 sin Bw tan § My '

C =
o  Gauge field interactions:

—  The cubic gauge field interactions of fields V1 4, V2 g and V3, with all-incoming kinematics,
pt+qt +rt =0arely g (p,q,7) =ieCV, g (p,q,7), where

Vi gy (7)) = (P —0), 8up+ (= 7) 8y + (r = P)g Gars

while C depends on the type of the gauge bosons participating in the interaction as follows:

A2
YWFW— 1
aww- SOSW e
sin By
Twrw-  — S s
sin By

- The quartic gauge field interactions of fields V1 4, V2,5, V3,1 and V5 are

Lo g6 = ie?C [Zg“/;gw; — Say8ps — gmggm], where C again depends on the type of the
gauge bosons participating in the interaction as follows:

Vi V3V, C
WTW ™y -1
WHW—Z _ SO s g,
sin Oy
WHW—oT COSOW i oy
sin Oy
cos By 2
WTW-zZ — ( : c059T>
sin Oy
2
WTW-TZ <C?s fw ) cos B sin Ot
sin By
2
WHW-TT - (Cf’s W gin eT)
sin By
W+ W+ W-W— #
(sin Oy )2

e  Scalar interactions: We denote the standard model Higgs boson by ‘H, while the new one by S.

- Cubic scalar interactions can be either of the form ie% S where C depends on the type of the
scalar boson participating in the interaction:

SSS C

YUY 3 M% cos? fs + M%{ sin? fg
E sin GWMW

SSS 3 Mﬁ sin? fg + M%I cos? fg

2 sin By My tan
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or of the form ie%SS S’, where C depends on the type of the S boson participating in the

interaction:
SSss' C
MZ _ MZ
S —sinéd Qc—H “"h
HH sin g cos SZsinGWMW
M?, — M?
SSH —sinfgcosb H_""h
" S Ys cos 52 sin By My tan B

Recall that My, is the mass of the heavier/lighter scalar.
- The quartic scalar interactions are either of the form ie? 4%54, where C depends on the type of

the scalar bosons participating in the interaction as follows:

SSSS C

3 M% cos? fs + M%I sin? fg
HHHH _Z (sin Gwa)z
5555 3 M2 sin? 05 + M2 cos? 6

4 (sinBwMyy tan p)?

or of the form ie? 5%; H2S2, where
2121

2 2
Mh — Mh
(sinBwMpy)?tan

3
€=-3

e  Mixed gauge field-scalar interactions:

—  The cubic gauge field-scalar interactions of fields V;,, V2 and S are ieg,sC, where C
depends on the types of the fields participating in the interaction as follows:

ViVaS  C
WHWH W
sm Gw
779 .MW (cos O — K sin f7)2
sin Oy (cos By )?
TTH .MW (sin O + x cos 67)2
sin Oy (cos By )?
TZ% .MW (sin 1 + x cos O7) (x sin O — cos Or)
sin Oy (cos Oy )2
~ 2
778 . My  (tsinfr)
sin By tan B (cos By )2
2
ITS ' My  (tcosfr)
sin By tan B (cos Oy )2
T7S My T2sin 0t cos b7

sinfy  (cosfy)?
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- Quartic gauge field-scalar interactions V; V5SS : ie? $pC, where C depends on the type of the
gauge boson participating in the interaction as follows:

AAZER) C

1
2(sin Oy )?
(cos O — K sin 67)?
2(cos By sin By )2

WHW-HH

ZZHH

(sin O + x cos 61)2

TT
HH 2(cos Oy sin By )2

(sinO1 + x cos O7) (x sin O — cos )
2(cos By sin By )2

TZHH

(Tsinfr)?

Z78S
2(cos By sin By tan )2

(T cosfr)?

TTSS
2(cos By sin By tan )2

72 sin O cos O

TZ
58 2(cos By sin By tan )2
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