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We report the most general expression for the chiral charges of a nonuniversal U(1)" with identical
charges for the first two families but different charges for the third one. The model is minimal in the sense
that only standard model fermions plus right-handed neutrinos are required. By imposing anomaly
cancellation and constraints coming from Yukawa couplings, we obtain two different solutions. In one of
these solutions, the anomalies cancel between fermions in different families. These solutions depend on
four independent parameters which result very useful for model building. We build different benchmark
models in order to show the flexibility of the parametrization. We also report LHC and low energy

constraints for these benchmark models.
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I. INTRODUCTION

In the present work, we address the question: what is the
minimal electroweak extension of the standard model (SM)
with a minimal content of fermions? By itself, this question
is interesting and deserves a dedicated and systematic
study. The current literature on minimal models abounds
in examples [1-10], but a general parametrization of these
models is not present in the literature, as far as we know.
From a phenomenological point of view, owing to the
absence of exotic fermions at low energies, the minimal
models are useful to explain isolated anomalies at low
energy experiments (for a recent example of these kind of
anomalies, see [11-14]).

For universal models, that is models in which the
hypercharge quantum numbers are repeated for each family,
only a trivial solution with charges proportional to the SM
hypercharge is possible if exotic fermions are not considered
[1,4-6]. For nonuniversal models, as it is present in the
literature [2,3,7,8], the total number of parameters increases,
given rise to a large variety of solutions.

The theoretical motivation to study the nonuniversal
models comes from top-bottom approaches, especially in
string theory derived constructions, where the U(1)’ charges
are family dependent [6]. Nonuniversal models have been
also used to explain the number of families and the hierarchies
in the fermion spectrum observed in the nature [15-17].

For gauge structures with an extended electroweak (EW)
sector [6], the heavy vector bosons Z’ associated with new

“richardbenavides @itm.edu.co
"uismunoz @itm.edu.co
william.ponce @udea.edu.co
oscara.rodriguez@udea.edu.co
”rojas @gfif.udea.edu.co

2470-0010/2017/95(11)/115018(10)

115018-1

U(1)" symmetries are generic predictions of physics
beyond the Standard Model (BSM). The detection of
one of these resonances at the LHC will shed light on
the underlying symmetries of the BSM physics. For the
high luminosity regime, the LHC will have sensitivity for
7' masses below 5 TeV [18,19]; thus, a systematic and
exhaustive study of the EW extensions of the SM with a
minimal content of exotic ingredients is convenient. By
imposing universality on the EW extensions of the SM
(as it happens in the SM), the possible EW extensions are
basically Eg subgroups [5,20-22]. It is well-known that
realistic scenarios for symmetry breaking in Eg require
large Higgs representations in order to explain the flavor
phenomenology [23]. By relaxing the universality con-
straints it is possible to have small Higgs and fermion
representations. In this case, the anomaly cancellation can
occur between fermions in different families; among the
most known models for three families are those related
to the local gauge structure SU(3), ® SU(3), ® U(1),
(3-3-1 for short) [15,16,24-32]. For flavor models without
electric exotic charges, i.e., by restricting the values for
the electric charges to those of the SM, the classification of
3-3-1 models was presented in [28]. By allowing any
rational value for the electric charge an infinite number of
models is allowed, as it was shown in [33,34].

Universality must not be taken for granted in models
with physics beyond the SM. In particular, under some
suitable assumptions many nonuniversal models are able
to evade the flavor changing neutral currents (FCNC)
constraints. In the present work, we want to make a
revision of the different Z’ models with a minimum content
of fermions and consistent with the SM phenomenology;
owing to the fact that these models are nonuniversal, the
result is very useful to explain some of the recent flavor
anomalies at the LHCb [12,35,36].

© 2017 American Physical Society
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The paper is organized as follows: in Sec. II, we derive
the general expressions for the chiral charges of the models
for two different scenarios, which correspond to two
different ways to cancel anomalies; in Sec. III, we define
several benchmark models, and it is pointed out which
coordinates in the parameter space correspond to models
previously studied in the literature. In Sec. IV, we derive
the 95% C.L. allowed limits on the model parameters by the
most recent LHC data and the corresponding limits by the
low energy electroweak data. Section V summarizes our
conclusions.

IL. THE SU(2), ® U(1) ® U(1)’
GAUGE SYMMETRY

The aim of the present work is to build the most general
parametrization for the minimal electroweak extension of
the SM, limiting ourselves to the SM fermions plus right-
handed neutrinos. In order to accomplish our purpose, it is
necessary to give up universality; with this in mind, let us
consider the gauge group SU(2) ® U(1) ® U(1)" as a
nonuniversal anomaly free extension of the electroweak
sector of the Standard Model.

In what follows, 7;, 7,;, and 75; denote the gen-
erators of SU(2),, while ) and X’ denote the generators of
U(1) and U(1)’, respectively. For this gauge structure, the
electric charge operator Q must be a linear combination in
the following way:

a b
=T — —X

where

ay+ bX = YSM’

SUQPU(): 2(¥), +39) ) + ¥ + 3, =0
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being Y\ the hypercharge of the SM, and a and b are real
parameters. Because Yy is known for every multiplet of
the SM, and we have not assumed the existence of exotic
particles, except the right-handed neutrino, from the above
equation, we can write X" as a linear combination of Yqy
and ), in such a way that the free parameters of the model
are reduced to the ) values for the SM Fermions, the right-
handed neutrinos and the Higgs bosons. In what follows,
we can avoid any reference to the specific values of X.
The notation used for the ) values of the bosons and the
fermions of the first and third families are shown in Table I.
The covariant derivative for our model is given by

D, =9, —igT, - A —i yyByﬂ—l XByx,, (3)

2
where g, gy, and gy are the gauge couplings associated to the
gauge groups SU(2),, U(1), and U(1)', respectively, and
Xﬂ, By,, and By, stand for the corresponding gauge fields.
In order to avoid the strong constraints coming from
FCNC, the first and second families have the same quantum
numbers, but those of the third family are different see
Table I). Because of this, at least two Higgs doublets are
required in order to give masses to the three families,

()" = (0.0:/V2), (4)

In the next section, we shall establish the necessary
conditions to obtain an anomaly free model. To this end,
we shall consider the fermion content of the SM extended
with three right-handed neutrinos (one per family).

i=1,2.

A. Anomaly cancellation

For the SU(2), ® U(1) ® U(1)" symmetry, the non-
trivial anomaly equations are

[SUG)PU): 22V, - yuk —yfzk) +2Y5, = Vi = Vo, =0,
[grav]?U(1): 2(6Y) =3V, 2V, =V, = Ve,) + 6V, =3V5, =3V, +2V) =V, — Vi, =0,
[w)PU): 20, 2yd +3Y) —6VL) + 5, -8V, =25 +3)5 —6)3, =0,
Uy [u)P: 2[(y ) - ( O (Ve = )+ (Ve 1+ (V5,)7 = 2000, + (V3,2 = (02 + (32,) =
[UF: 2(6(Y,)° =3V, =3(Vg,)* +2(V,)° = (Vi) = (Ve,)’]
+6(Y5,)° =300, =3(V, ) +2(00)° = (V) = (V2,)° = (5)
I
From these equations and from Eq. (2), itcan be shown that £, 57, J;lyl + 1,001, + 74 (;5”,1 +q, ¢d,
the other possible equations; that is those corresponding to U o L_ Ut ‘ ‘
[SUQ)FU(1Y, [SUB3)2U(1Y, [grav2U(1), and [U(1)]? + b, ovs, + I aes, + @3, oy,
cancel out trivially. We also take into account the con- + g3, ¢»d5, + Hec. (6)

straints coming from Yukawa couplings,
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TABLE . U(1) charges for the chiral fields of the first (third)
family and the two Higgs doublets. The charges for the second
family are the same as those of the first one. SM hypercharges are
also shown.

YL = (”» e)L UR €R l///L = (”,d)L Ugr dgp  $i2
Ysm -1 0 =2 1/3 4/3 —2/3 1
1 3 1(3 1(3 1(3
Y PP v v nd v Yo,

The corresponding terms of the second family generate
identical constraints as those of the first family, for this
reason, they have not been considered in the former
equation. The corresponding constraints coming from the
terms in the above Lagrangian are

y(/)l_ 11/R+yllL:0’
Vg + I -Vl =0,

Vo, = Vi, + Vi, =0,
Yy, + y(llR -V, =0,
Vo, = Vi + Vi, =0,
Yy, + yik - y?L =0,
Yy, = J?ZR + yzL =0,
Yy, + V5, = V5, =0. (7)

By solving simultaneously the Egs. (5) and (7), we find two
solutions (see Table II). One of them corresponds to what
we call scenario A, in which the anomaly cancellation

TABLE II.  Solutions to the anomally cancellation equations (5)
and the Yukawa constraints (7). The first solution (scenario A)
corresponds to a framework where the anomaly cancellation occurs
in each family separately. For another solution (scenario B), the
anomaly cancellation takes place between fermions in different
families. Notice that all the solutions are presented as functions of
only the four parameters qu, yij, ng, and yﬁk.

Scenario A Scenario B

Vo, 3L+ Y 2D+ Y +LYL + 33
Vo, 35+ 290+ Y3+l +33)
Vi, -3Ys, =25, = Y5, +3(V, = W2,)

b -6}, =202V, +95,) =5V, +235,)
w 4yl + Yl 3V}, + V3, + %(zy;R + ySR)
Vi, =2Y4, = Vi Vi, =V, =32V +V2,)

5 -3Y5 =2V, = Vi, =3V - ySR)

p -6Y;, = Vi, =220, +V5) -1 (@Y, = V3.)
Vi 4y + V3 2000, + V3 ) +12YL +Y3)
i =2)3 =5, =2Y) -1V +35)
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occurs in each family, while in another solution, the
anomaly cancellation takes place between fermions in
different families; from now on, we will call this solution
scenario B. In both cases, the U(1) fermion charges can be
written in terms of four free parameters, which we choose
by convenience as {yvk,yyk,yq“ ?]L}. As a particular
feature, we observe that in scenario B, the U(1) charges of
the two Higgs doublets turn out as a surprise to be equal.
For this reason, in this case, only one doublet is necessary
in order to provide mass to the fermion fields, although a
singlet is needed in order to properly break the gauge
symmetry.

As mentioned above, to break SU(2) ® U(1) ® U(1)
down to U(1),, a minimal set of one SU(2) doublet plus a
singlet is required. But to properly generate viable quark
masses and a CKM mixing matrix, at least a second doublet
must be introduced. The generation of lepton (neutrino)
masses is more involved and may require new scalars, but it
is a highly model dependent subject [37]. However, there
are two general cases of interest. The first one is the
canonical type I seesaw, where the vy charges are set to
zero. As we will see later, this condition is realized in the
Z nin model. An alternative way would be to forbid the
Dirac Yukawa coupling for the vg. This would be relevant
to models in which a Dirac mass is generated by higher-
dimensional operators and/or loops. A detailed study of
these extensions will be presented elsewhere.

In the next section, we will calculate the chiral couplings
of the SM fermions to the Z’' boson.

B. Chiral charges

The interaction between the fundamental fermions and
the EW fields is given by the Lagrangian,

Lpw = Zi(fLV”DﬂfL + frV*D,fR). (8)
f

where f runs over all fermions. By using Eq. (3) for the
covariant derivative and limiting ourselves to those terms
corresponding to the neutral gauge bosons, the above
expression can then be written as

Lyc = gJ5, Asy + gyJ By, + gxJ'y By )

with
-
Iy = ifﬁf P (fL)PL+ V(fR)PRlf. and
I~
Ty =5Zf:f7”[?f(fL)PL + X(fr)Prlf- (10)

The values of ) for the different chiral states can be read
off from Table I, and by using the relation (2), it is possible
to know the corresponding values for X
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At this point, we carry out an orthogonal transformation
to write the original gauge fields (By, By) in terms of the
new gauge bosons (B, Z'), that is

By,

Bu,

= cos 0B, —sin0Z,,,
= sin6B,, + cos 07, (11)
being ¢ the mixing angle and B, the gauge field associated
with the SM hypercharge. In this new basis, the neutral
current Lagrangian Eq. (9) is

Lyc = gl Az + 9y Ivo Bu + 92952, (12)

where

Iredvg, = 9yJy o8O + gxJhy sind,
gz = —gyJysin@ + gyJb, cos 6,
= gZ’Z}yﬂ[eL(f)PL +er(/)Prlf. (13)
-

In the last expression, we have defined

gre1(f) = 5 1m0y SinOV(f) + g cosOX (L))
grenlf) = 5 l-gy SmOV(f) + gxc0s0X(FR)l. (14)

Since Eq. (2) implies the relation aJ¥, + bJ%, = Jy_ , the
Eq. (13) leads us to the following relations:

agyy, = gy coso,
bgy,, = gx siné. (15)

By defining ), = gy/a and jy = gy /b, the above expres-
sions are equivalent to

i}_y =tand,
9x
1 1 1
= —=+ = (16)
(gye)®  (v)* ()

As can be shown by an explicit calculation, the chiral
charges in Eq. (14) can all be written as linear combinations
of the following four new parameters:

le = y}ERD’

213 = SRD,

Z,=C- WD,

Z,=C— 3y2LD, (17)

where
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TABLE III. In the second and third columns are shown the
chiral charges, which are obtained by requiring anomaly can-
cellation in each family (scenario A). By imposing that the left
chiral charges be equal to the right ones, we obtain the most
general model with vector charges in scenario A. Z,, and Z,, are
arbitrary real parameters as can be seen in Eq. (17). For

Z = Zp, = Zp, we obtain the universal B — L model.
a=1, 2, 3 is a family index.
S gzer(f) gzer(f) QVGZ,R
Va ~324, =321 =321
€a _%Z(hx +%(Zla - qua) _%Zla
Uy +iZ,, -132,-42,,) +1Z,
d, +iZ,, +:(32,,-22,,) ++ 21,
A N2
a
D — (9x) ’
)2 2
(9x) - Y
C=/(0x)* = grg,- (18)

By adopting these definitions in Table), Eq. (14) allowed us
to obtain the chiral charges in scenarios A and B, which are
shown in Tables III and IV, respectively.

III. BENCHMARK MODELS

The most general solution of the anomaly equations
which satisfy the constraints coming from the Yukawa
couplings depends on four parameters. In general, it is quite
difficult to put constraints on this four-dimensional space;
however, it is possible to put very conservative constraints
on some linear combinations of these parameters by using
benchmark models, some of them already discussed in
the literature. Let us see some examples (all the models
considered in this work are presented in Table V).

In order to cross-check our equations, it is convenient to
calculate the charges for the most general Z' model with

vector charges Z{“}'B; in our framework, these charges are
shown in Tables III and VI for the scenarios A and B,
respectively. By using these charges, it is possible to
reproduce the Zz_; model by taking Z;; = Z,5 in scenario
A,and Z)) = Z,, = Z,, inscenario B. The Zg_; model is
the minimal universal model with right-handed neutrinos
with a vectorlike neutral current. Another model with a
vectorlike neutral current is the tauphilic model Z, which
have zero couplings to the leptons of the first and the
second families, and nonzero couplings for the 7. In
Tables III and VI, this condition is met by setting
Z;; = 0. In this family, the model B — 3L, is the best-
known example in the literature [37-39]. Modulo a global
normalization, the charges of the Z, reduce to those of
Zp_31, by requiring Z,, = Z,, in Table VI. This model
was proposed to have radiative masses with acceptable
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TABLE IV.

PHYSICAL REVIEW D 95, 115018 (2017)

In the second and third columns are shown the chiral charges, which are obtained by requiring

anomaly cancellation between fermions in different families (scenario B). Z,, and Z,  are arbitrary real parameters

as can be seen in Eq. (17).

f gzeL(f) 9z¢r(f)

vy -+ (Zn-23+2Z2,, +2,) ~22u

e —:(Zn=-23+22, +2,,) t5(2n +22i3-42,, -22,,)
" +iz, -1QZ+25-32,, - 2,3)
d, +lz, Q20+ 252, - 2,,)
v3 +5(221 =225 -22, - 2,) ~22n

es +12z, —22,-22, - Z,,) +5 (420 — 23— 42, —22,)
s +iz,, —§(Q22n +2;3-22, -22,,)
ds +iz,, +6QZ0+ 253-22,)

phenomenological values for neutrino oscillations, by
allowing an extended scalar sector [37]. In Ref. [40], it
was pointed out that if there is a gauged B — 3L, symmetry
at low energy, it can prevent fast proton decay. This model
is also able to provide dark matter candidates as has been
studied in [41]. For the scenario A, a chiral tauphilic model
is also possible in a trivial way by making in Table III
Z4, = Z1a = 0 for the first and the second families (i.e.,
fora = 1,2)and Zq3 # 0 and Z;3 # 0. Another interesting

TABLE V. By imposing constraints on the chiral charges in
Tables III and IV, it is possible to define benchmark models which
result quite useful in the analysis of the experimental constraints.
The parameters Z,, and Z, are arbitrary real numbers as can be
seen in Eq. (17). a =1, 2, 3 and f =1, 2. In scenario A, the
charges of some benchmark models are equal to zero; for this
reason, these possibilities are not shown here.

Model Definition Constraints on Z;, and Z,
Z/\> Z‘Ia = Zl(l
€ =¢
Z‘ljv (f)L R(f) 213 — —2Z“ +22q1 + Zq3
zZA Zip=2,=0
7B err(es) =€ p(vy) =0 Z3=2Z, +2Z,.,
le - O
zp err(eq) =€ p(ty) =0 2 =2Z53=0,
24y = 722,
ZA 3Z — le
v q1
2gv(u) + gy(d) =0
SN TIORYAT J
Zrl? Zq1 = =2n
+2gy(d) =0
2 o+ 2v(d) By =22, — 42, + 2,
zB e r(up) =eLr(ds) =0 Z, =0,
Zq3 - ZZ“ + Zl3
Zg eLr(ua) = €L r(dy) =0 2, =0, Z2,,=0,
Zp=-2Z),
ZAB) eq(v,) =0 21, =0

family of models is the Z,, which is defined to have zero
couplings to the quarks of the first and second families but
couplings different from zero for the top and the bottom
quarks. An special subset of models in Z, are the hadro-
phobic models Z 4, which have zero couplings to the quarks
of the three families. Indeed, Z’' hadrophobic models
attracted a lot of interest in connection with the e* excess
in cosmic ray data observed by ATIC and PAMELA
experiments [7,42—44]. Another interesting model is the
Zflﬁr’lm, which has zero couplings to the right-handed
neutrinos, allowing a Majorana mass term.

For dark matter interacting with the SM fermions
through a Z’, an isospin violating interaction constitutes
a possible solution to some challenges posed by some
experimental results [45—49]. A maximal isospin violation
is possible by requiring zero couplings to the proton but
different from zero for the neutron or in the other way
around. For a nucleus with Z protons and N neutrons, the
weak charge is given by

OQw(N,Z) = Qw(p)Z + Qw(n)N,

where Qy (p) ==2(2Cy, + Cy4) and Qy (n) = =2(2C,4 +
C,,) are the proton and neutron weak charges, respectively.
Here (for the definitions see Refs. [50-52])

(19)

/

gMy
Q(UMZ’

C1y = 20()g(g) + 2( )nge)g'v(q),

gMz \?
Coy = 24001 (0) + z(W) (e (20)
ZI

where gg,l’)A (f) and gV are the vector (axial) coupling and
the coupling strength, respectively, of the fermion f to the
SM Z boson, and g, ,(f) and ¢ are the corresponding
quantities for the interaction with the Z’. The shift in the
proton and neutron weak charges owing to the Z’ couplings
to the standard model fermions is
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TABLE VI. In the second column are shown the chiral charges for the most general model Z,, with vector charges
in scenario B, from this model, it is possible to get the chiral charges for the tauphilic Z., leptophobic Z,, and the Z,,
which are shown in the third, fourth, and fifth columns, respectively. Here, the charges depend on three parameters
(Z,1, Z41s Zq3), which are defined in Eq. (17).

PHYSICAL REVIEW D 95, 115018 (2017)

/ Vel r 9:€Lk grek 9i€L

v -1z, 0 0 -1z,

e, -1z, 0 0 -1z,

“ +é341 +%Zfil +%Z‘” 0

d, +équ +%Zq1 +%Zq1 0

b3 —3(22,,+ 2, -22)) -322,,+ 2,3) 0 —3(245-221)
€3 _%(ZZQI +245-22)) _%(ZZQI +243) 0 —%(2%—2211)
U3 +524 +524 -3Z4 +520

ds +5Z43 +5243 ~5Z4, +5Z0
TABLE VII. In the second column, chiral charges for the minimal model ZB, ~are presented, and in the

third column are the corresponding charges for the protonphobic model Z};. In both cases, the models belong to

scenario B. Here, the charges depend only on three real arbitrary parameters (Z,, 23, Z,5).
VAN zy
f unin€]" uin€R" 9peL 9pER
Y —é(Zqu—i—Z%) 0 —%(211—2241) -32n
€1 —é(Zqu +243) —%(22(“ +243) _%(le —22,)) _%(le —42,))
1 +524; +5032,, + 2,5) +5Zq, -324
d, +%Zq1 —%(Z,“—&-Z“) +%Zq1 "’%qu
Y3 _%(2241 +Zq3) 0 _%(62111 +qu_2211) _%(8241 +Zq3—2211)
€3 _%(2241 JrZq3) _%(22q1+2q3) _%(6241 +Zq3—22,’“) _%(4Zq1+zq3_2211)
U3 +%Zq3 +%(qu +Z24) —5—%2343 _%(6241 = Z43)
d +52a ~324 +%Zqz. +é(6qu +Z43)
AQw(p) = —4 <gg)MMZ )2%(6)(2%/(”) + (), Iv. I'JHC A.ND LOW ENERGY CONSTRAINT'S
z' In this section, we report the most recent constraints,
2 . . ;
30u(n) = =4( ) A(OCAD + 10 1) purancens Tor some. benchmak models For the time

By requiring that AQy, (p) = 0 [with g4 (e) # 0], we obtain
the protonphobic model' ZQ‘B. The chiral charges for this
model are shown in Table VII. In an identical way, we
proceed to obtain the corresponding charges of the neu-

tronphobic model Z,?’B.

'Our definitions of protonphobic and neutronphobic refer to
bosons which do not couple—at vanishing momentum transfer
and at the tree level—to protons and neutrons, respectively. This
definition is different from the definition presented in Ref. [53].

being, the strongest constraints come from the proton-
proton collisions data, collected by the ATLAS experiment
at the LHC with an integrated luminosity of 13.3 fb~! at a
center of mass energy of 13 TeV. In particular, we used the
upper limits at 95% C.L. on the total cross section of the
7' decaying into dileptons [54] (i.e., eTe™ and ptu™). In
Fig. 1, the colored green regions correspond to the allowed
regions for this data.

Even though the dilepton data put the strongest con-
straints on three of the four models in Fig. 1, this data do
not put limits on the parameters of the tauphilic model Z,,
because this model has zero couplings to the electron and
the muon. For this model, we used instead the strongest
constraints on the total cross section pp — ¢z~ channel,
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qu

Colored regions correspond to the allowed parameter space at the 95% C.L for a M, = 3 TeV. The orange region in the

left plot in the top panel corresponds to the 95% C.L. allowed by data from proton-proton collisions decaying to tau pairs in the ATLAS
detector with an integrated luminosity of 19.5-20.3 fb~!. Contours are also shown for the same channel at 13 TeV with a luminosity of
2.2 fb~! from CMS data. In the remaining plots, the green region corresponds to the 95% C.L. allowed region by data proton-proton
collisions decaying to electrons and dimuons with an integrated luminosity of 13.3 fb~!, the magenta region corresponds to the
95% C.L. allowed region by the electron weak charge measurements in Moller scattering. The yellow region corresponds to the
95% C.L. allowed region by the cesium weak charge measurements. The cyan region corresponds to the allowed region by
the constraints on the violation of the first-row CKM unitarity [55]. By combining all the data, the 95% C.L. allowed parameter space
corresponds to the indigo region. The region inside the dashed magenta, yellow, cyan, and indigo correspond to the 95% allowed regions
for a My =5 TeV. The ZB, model is basically excluded for a M, = 3 TeV; for this reason, this contour is not shown.

which come from the proton-proton collisions data, col-
lected by the ATLAS experiment, at a center of mass
energy of 8 TeV and an integrated luminosity of
19.5-20.3 fb~! [56]. For this channel, the most recent
constraints, with a similar strength than those of ATLAS,
come from the data collected by the CMS experiment at a
center of mass energy of 13 TeV and an integrated
luminosity of 2.2 fb~! [57,58].. In Fig. 1, the 95% C.L.
allowed regions by the ATLAS and CMS data, for the
tauphilic parameters are shown.

There is also a possibility to put constraints by using data
from low energy experiments. The low energy strongest

constraints come from atomic parity violation (APV), in
particular, from the cesium weak charge [59,60] and the
electron weak charge measurement by the SLAC-EI158
Collaboration [61]. The experimental values and the
analytical expressions for these observables are shown in
Table VIII. The APV observables depend on the electron
axial coupling to the Z’ boson, which is zero in the vector
model Zy. In consequence, there are not APV limits on
this model in Fig. 1. An important constraint on Zy, comes
from the limits on the violation of the first-row CKM
unitarity [62,63]. For this model, the constraints on the Z a1
parameter are dominated by the pp — [TI~ channel,
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TABLE VIII. Experimental value and SM prediction of the Cesium and electron weak charges and the respective shift owed to the
interaction with the Z’. The third observable is the constraint on the violation of the first-row CKM unitarity [55], where

2 M2

3 M )

Ay > 5 g~
w

=i
Q Value [55] SM prediction [55] AQ

Qw(Cs) —72.62 £0.43 —73.25+0.02 ZAQw(p) + NAQy(n)
Owl(e) —0.0403 4+ 0.0053 —0.0473 + 0.0003

I Zq:d,s,b“/uq‘z

1 —0.9999(6)

4N, (e)gi (e)
0 Ager () (e (1) —eL(d))

TABLE IX. Bounds on models for which the low-energy
observables can constrain one of the parameters in Eq. (17)
independently of the values of the remaining ones.

Model My =3 TeV My =5 TeV
zy |Z1] £3.112 |Z1] < 4.856
z5 |Z1] < 3.558 |Z1] £5.927
z4 |Z1] <0.856 [Z,1] < 1.426
A |Z,,] <1.180 |Z,,] <1.964
7ZB |Z1] <3.594 |Z1] <5.607
zy |Z1] < 3.594 |Z1] < 5.607

however, this channel does not put limits on the Zj
parameter for small values of Z,“; as can be seen in
Fig. 1. In this case, the CKM unitarity is able to put bounds
even for Z, = 0. This plot shows the importance of the
low energy constraints in order to narrow the new physics
parameters.

In order to show the complementarity of some experi-
ments, the constraints on the parameter space for the
protonphobic and neutronphobic models are shown in
Fig. 1. For some models, the low-energy observables
can constrain one of the parameters in Eq. (17) independ-
ently of the values of the remaining ones. These results are
shown in Table IX.

V. CONCLUSIONS

In the present work, we presented the most general chiral
charges of the minimal universal and nonuniversal Z’
model with a minimal content of fermions. Even though
several minimal models have been reported before, the
complete solution as a function of a set of continuous
parameters and its corresponding collider and low energy
constraints, as far as we know, is a new result in the
literature.

In general, minimal models are of a great interest for the
beyond SM phenomenology [2,3,7,8,64—69]. In particle

physics, the nonuniversal models are well motivated,
especially in string theory derived constructions, where
the U(l)" charges are family nonuniversal [6].
Nonuniversal models have also been used to explain the
number of families and the hierarchies in the fermion
spectrum in the SM [15,16]. In our analysis, we rule out
some possibilities on phenomenological grounds, limiting
ourselves to a couple of scenarios to cancel the anomalies.
In the simplest case or scenario A, the anomalies cancel
between fermions in every family. It is fairly obvious that
from this scenario, it is possible to obtain, as a particular
case, the charges of the minimal universal models which, as
it is well-known [6], can be written as a linear combination
of the charges of the Z;_; model and the SM hypercharge.

In the second case or scenario B, the anomalies cancel
between fermions in different families. Although it is true
that some particular models in this scenario have been
reported before, to the best of our knowledge, the full
parametrization for this scenario is a new result in the
literature. To prevent FCNC constraints, the charges of the
first and second families were assumed to be identical, but
different to the charges of the third family. Constraints from
the SM Yukawa interactions were used to impose addi-
tional constraints in such a way that the number of free
parameters associated with the chiral charges was reduced
to four parameters. We also report the most recent LHC
constraints on the parameter space for some benchmark
models and compare them to those coming from experi-
ments at low energies. From our analysis, we showed that
the unitarity constraints on the CKM are able to exclude
some regions in the parameter space which are difficult to
exclude by using only LHC data.
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