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Abstract In the £vSSM, the presence of R-parity violat-
ing couplings involving right-handed (RH) neutrinos solves
simultaneously the p- and v-problems. We explore exten-
sions of the wvSSM adding a U (1)’ gauge group, which pro-
vides the RH neutrinos with a non-vanishing charge. In these
models, dubbed U vSSM, the anomaly cancellation condi-
tions impose the presence of exotic quarks in the spectrum
that are vector-like under the standard model (SM) gauge
group: either three pairs SU (2) quark singlets, or a pair of
quark singlets together with a pair of quark doublets. Several
singlets under the SM group can also be present, with the
U (1)’ charges making distinctions among them, and there-
fore allowing different types of couplings. Some of these
singlets dynamically generate Majorana masses for the RH
neutrinos, and others can be candidates for dark matter. The
useful characteristics of models with U (1)'s are also present
in UpuvSSM models: baryon-number-violating operators as
well as explicit Majorana masses and p terms are forbidden,
and the domain wall problem is avoided. The phenomenol-
ogy of UuvSSM models is very rich. We analyze the exper-
imental constraints on their parameter space, specially on
the mass and mixing of the new Z’ boson. In addition to
the exotic quarks, which can hadronize inside the detector
or decay producing SM particles, the UxvSSM models can
also have new signals such as decays of the Z’ to sparticle
pairs like right sneutrinos, charginos or neutralinos. Besides,
7' and Higgs mediated annihilations and interactions with
the visible sector of WIMP dark matter particles, can also be
present.

2e-mail: jaas@ugr.es

b e-mail: inaki.lara@fuw.edu.pl

¢ e-mail: daniel.lopez@df.uba.ar

4 e-mail: c.munoz@uam.es (corresponding author)

Contents

I Introduction . . ... ... ............. 1
2 The superpotential of UuvSSM models . . . . . . . 4
3 U(1) charges and anomaly cancellation . . . . . . . 5
4 Building UuvSSMmodels . . . . . ... ... ... 7

4.1 Solutions with exotic quarks K1,2,3 and Ki,Z,S .7
4.2 Solutions with exotic quarks K, K€ and ]ﬁ), De . 10

5 Thescalarpotential . . . . . ... ... ....... 11
6 Masses and mass mixings . . . . . ... ... ... 13
7 Presentbounds . . . ... ... ... 15
7.1 Constraints fromthe LHC . .. ... .. ... 15
7.2 Indirect limits . . . . ... ... ... .. ... 18
8 Phenomenological prospects . . . . . ... ... .. 19
9 Conclusions . . . . . ... . ... .. ....... 20
Appendix A: Values of the U (1)’ charges for the exotic
quarks . ..o 21

A.1 Solutions with exotic quarks K1,2,3 and KE,Z,S .21

A.2 Solutions with exotic quarks K K€ and If)), De . 23
References . . . . . . . . . ... .. ... ... 24

1 Introduction

The addition of right-handed (RH) neutrinos vg to the spec-
trum of the standard model (SM) provides the light neutrinos
with masses. In the framework of supersymmetry (SUSY),
the SU(3) x SU(2) x U(l)y gauge invariant superpoten-
tial containing the most general renormalizable couplings
involving the three families of SM superfields and an arbi-
trary number of RH neutrino superfields, D7, is given by:

AoA d A A A
W:Yé HdL,'e§ +Yij Hy Qld]c
_YiL;' [-}u Qi 12; + /vL[:Iu I:Id

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09220-7&domain=pdf
mailto:jaas@ugr.es
mailto:inaki.lara@fuw.edu.pl
mailto:daniel.lopez@df.uba.ar
mailto:c.munoz@uam.es

443 Page 2 of 26

Eur. Phys. J. C (2021) 81:443

N L e oA s
+hiji Li Ljéf + 1y Li Qj df
FA g dS dp + i Hy L

P N A 1 o
—Yi‘;, H,L; vj, + Ay Hy, Hy V5, + gKi’j’k’ D5 vj, Dy
+M; f)ic/ lA);/ +l‘,‘/f)ic/, (1)

where the summation convention is implied on repeated
indexes, with i, j, k = 1, 2, 3 the usual family indexes of the
SM, andi’ = 1, ....n,c, with n,c the number of RH neutrinos.
Our convention for the contraction of two SU (2) doublets is
e.g. I:IM I:Id = eabI:I,;‘ A% a,b = 1,2 and €qp the totally
antisymmetric tensor with € = 1.

The four terms in the first line of Eq. (1) determine
the superpotential of the minimal supersymmetric standard
model (MSSM) (for reviews, see e.g. Refs. [1-3]). The four
terms in the second line are the conventional trilinear and
bilinear R-parity violating (RPV) couplings (for a review,
see e.g. Ref. [4]). Finally, all the terms in the last line contain
RH neutrinos, and are allowed by gauge invariance since
these fields have vanishing hypercharges by construction,
y(v¢) = 0. Of these terms, the first three are characteristic
of the ‘u from v’ supersymmetric standard model (uvSSM)
[5] (for a recent review, see Ref. [6]), the fourth term gives
Majorana masses for RH neutrinos, and the fifth is a tadpole
term for them with #;; of dimension mass squared.

The «vSSM is a natural construction where trilinear cou-
plings involving RH neutrino superfields are added to the
usual quark and charged-lepton Yukawa couplings, solving
dynamically crucial theoretical problems of SUSY. It con-
tains in the superpotential the following subset of terms of
Eq. (1) [5,7,8]:

+%Ki’j’k’ 1’);, 1’);/ ﬁ]g/ 2)
In particular, the first term of the last line provides neu-
trino Yukawa couplings. It also effectively generates bilinear
terms as the ones of the bilinear RPV model [4], when the
right sneutrinos develop electroweak-scale vacuum expecta-
tion values (VEVs) after the electroweak symmetry break-
ing (EWSB). By the same mechanism, the RPV couplings
LirDf, H, H, effectively generate a p-term solving the so-
called p-problem [9] (for a recent review, see Ref. [10]).
Besides, the RPV couplings k;7 jx/ D, f);, vy, effectively gener-
ate electroweak-scale Majorana masses instrumental in solv-
ing the v problem through a EW-scale seesaw, i.e. the gener-
ation of correct neutrino masses and mixing angles in SUSY
[5,7,11-15] with Y¥ < 107°. In fact, the UVSSM seesaw
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is a generalized electroweak seesaw, because it involves not
only left-handed (LH) neutrinos v; with RH ones vg as in
the usual seesaw, but also the neutralinos. This fact favors the
accommodation of neutrino data [16—19], and occurs because
of the R-parity violation present in the £ vSSM. The presence
of couplings of the type k;’ - also forbids a global U (1) sym-
metry in the superpotential, avoiding therefore the existence
of a Goldstone boson. Finally, note that the lepton-number-
violating couplings )»,-jklA,,-I:jé,i and )»;jklt,- Q]c?li are natu-
rally present in the superpotential once we impose the pres-
ence of the Yukawa couplings ij ﬁdiié; and Yi‘j. Hy Q,-c?]‘f,
since ﬁd and ii have the same SM quantum numbers.

Studies of interesting signals of the £vSSM at the large
hadron collider (LHC) were carried out in the literature, and
can be found summarized in Ref. [6]. They were focused
on the three characteristic terms of the model, written in the
last line of W,,,ssm above. In addition to the enlarged Higgs
sector with sneutrinos, the intimate connection between the
lightest supersymmetric particle (LSP) lifetime and the size
of neutrino Yukawa couplings was also analyzed. Displaced
vertices and/or multileptons are some of the interesting sig-
natures that can be probed.

Despite these attractive signals and interesting properties
of the uvSSM, there are interesting arguments from the theo-
retical viewpoint to try to extend the model. First, we would
like to have an explanation for the absence of the baryon-
number-violating couplings A;’/ i c?jc?,i , which together with
the lepton-number-violating couplings would give rise to fast
proton decay. Similarly, the absence of the bilinear terms
wH, Hy, w; H,L; and M jii5, f);f, (and the linear term ¢,/ 05),
which would reintroduce the & problem and additional natu-
ralness problems, must be explained. Finally, since the super-
potential of the £vSSM contains only trilinear couplings, it
has a Z3 discrete symmetry just like the next-to-minimal
supersymmetric standard model (NMSSM) (for reviews, see
e.g. Refs. [20,21]), and therefore one expects to have also a
cosmological domain wall problem [22-26] unless inflation
at the weak scale is invoked.

In Ref. [27], the strategy of adding an extra U (1)" gauge
symmetry to the ©vSSM to explain the absence of the above
terms in the superpotential, and to solve the potential domain
wall problem, was adopted. There, the SM gauge group was
therefore extended to SU (3) x SU(2) x U(1)y x U (1)’ (see
Ref. [28] for areview of this strategy in other models). Gener-
ically, with the extra U (1) one is able to forbid not only the
presence of the linear term in the superpotential, but also the
above dangerous trilinear and bilinear terms,' since the fields
that participate in them can be charged under this group mak-
ing the terms not invariant under this symmetry. Besides, the

! This avoids relying on string theory arguments or discrete symmetries
to forbid them (see Ref. [29] for a summary about these solutions in the
1vSSM).
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domain wall problem disappears once the discrete symmetry
is embedded in the gauge symmetry [30-32].2 A crucial char-
acteristic of these models is the presence in their spectrum
of exotic matter dictated by the anomaly cancellation condi-
tions, such as extra quark representations or singlets under
the SM gauge group, For an alternative U (1)’ extension of the
1 vSSM where this exotic matter is not present, see Ref. [39].
There, this result is obtained allowing non-universal U (1)’
charges for the SM fields, and non-holomorphic Yukawa cou-
plings generating fermion masses at one loop by gluino or
neutralino exchange.

In addition to the above arguments favoring extra U (1)’
charges for the fields, we would like to remark the special
role of the RH neutrino when added to the SM spectrum,
since it is the only field with no quantum numbers under the
SM gauge group. In a sense, the feeling of having a field
with no charges is uneasy. For example, in string construc-
tions where extra U (1)’ groups arise naturally [28,40,41], no
ordinary fields appear that are singlets under the full gauge
group. We will assume therefore as natural to have a non-
vanishing U (1)" charge for the RH neutrinos. In fact, for-
bidding the u term /,LI:IM ﬁd and the bilinear term u; H,L;
using the U (1) symmetry as discussed above, necessarily
implies that the RH neutrino must be charged for the terms
ki/ﬁu H, D5, and Yi‘;.,l-?ulz,-ﬁ;, to be allowed. Although now
the couplings «;/ jr D5, ﬁjc., Dy, are automatically forbidden in
the superpotential, this fact does not imply that a Goldstone
boson is reintroduced in the spectrum, since the U (1)’ sym-
metry is gauged and therefore the would-be Goldstone boson
is eaten by the new Z’ gauge boson in the EWSB process.
Note that, as in the case of the LvSSM with the SM gauge
group, the terms in the second line of Eq. (2) are now also
allowed with the U (1)’ extension, since this symmetry can-
not forbid them once we impose the simultaneous presence
of Yl.‘;.,l-}uf,,- f)j, and A; H, Hy DS, implying that H,; and L; have
the same quantum numbers.

Given the above discussion, our starting superpotential in
what follows will be the one of Eq. (2) without the last term.
This will give rise to the U (1) extensions of the wvSSM,
dubbed UpvSSM, which we will explore in this work. Unlike
Ref. [27], we will not impose three families of RH neutri-
nos nor three families of exotic matter. This change will lead
to significant modifications in the spectra of the RPV mod-

2 Otherwise, it has to be solved with the presence of non-renormalizable
operators in the superpotential. These operators break explicitly the Z3
symmetry lifting the degeneracy of the three original vacua, and they can
be chosen small enough as not to alter the low-energy phenomenology
[22-24,26]. But in the context of supergravity they can reintroduce in
the superpotential the linear and bilinear terms forbidden by the Z3
symmetry [25], and generate quadratic tadpole divergences [33-37],
although these problems can be eliminated in models which possess a
R-symmetry in the non-renormalizable superpotential [37,38].

els that we will build, even with the possible existence of
candidates for stable dark matter (DM).

The assumption of three families of RH neutrinos can be
motivated in principle as a replication of what happens with
the other particles of the SM. However, as already pointed
out, the RH neutrino is the only singlet of the SM and there-
fore its way of arising from a more fundamental theory does
not have to be the same as for the other particles. Actually,
from the model-building viewpoint only one RH neutrino
is sufficient to generate dynamically the p term [5,12,42—
441, reproducing neutrino physics from loop corrections [12].
Two RH neutrinos are sufficient to reproduce at the tree level
the neutrino mass differences and mixing angles, and it is
also the minimal case that can yield spontaneous CP viola-
tion in the neutrino sector [13]. Moreover, more than three
RH neutrinos can also be used, without spoiling any of the
useful properties present in the case of three families [29].
These arguments lead us to motivate U vSSM models where
the number of RH neutrinos is a free parameter, to be fixed
by the anomaly cancellation conditions. As we will show,
models with three RH neutrinos or with a different number
of them can be obtained.

In connection with this strategy, we will also take into
account that the U (1)’ charges can make distinctions among
fields that are singlets under the SM gauge group. Thus we
will allow for an arbitrary number of these singlets with dif-
ferent U (1)’ charges, and therefore with different allowed
couplings. In particular, some of them will behave as RH
neutrinos (V). Others (S’ ) will generate Majorana masses for
the latter through couplings of the type S9¢ D¢, which is help-
ful since couplings DD D¢ are now forbidden. Besides, other
singlets under the SM gauge group (&) will be candidates for
DM through couplings D¢€E.

The paper is organized as follows. Section 2 will be
devoted to introduce the U vSSM superpotential. In Sect. 3,
the anomaly cancellation conditions will be imposed to find
the consistent models. We will see that a minimum num-
ber of exotic quarks is required, which are vector-like under
the SM gauge group but chiral under the U(1)’. Namely,
either three pairs of quark singlets of SU(2), or a pair of
quark singlets of SU (2) together with a pair of quark dou-
blets of SU(2), must be present. Optionally, singlets under
the SM gauge group distinguished from the RH neutrinos by
the U (1)’ charges can also be present. Some of them can be
candidates for DM. In Sect. 4, several U vSSM models with
different characteristics and matter content will be built. The
scalar potential of these models will be studied in Sect. 5. In
Sect. 6, the masses and mass mixings of different sectors of
the models will be analyzed, paying special attention to the
mixing of the SM Z boson and the Z’ boson associated to the
U(1)'. The experimental constraints on the parameter space
of UnvSSM models will be discussed in Sect. 7, specially the
limits on Z’ masses and Z — Z’ mixing from searches at the

@ Springer
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LHC and precision electroweak data. In Sect. 8, other phe-
nomenological prospects of these models will be introduced,
discussing briefly characteristic signals of the Z’ boson when
decaying to sparticle pairs, as well as possible WIMP dark
matter signals. Finally, our conclusions are left for Sect. 9.

2 The superpotential of UpuvSSM models

Based on the discussion of the Introduction, we consider the
following starting superpotential:

Wi = Y5 HyLi & + Y Ha Qi dj — Y} Hy Qi i
i Li Ljég + My Li O d
=Y}, Hy Li 95, + hir Hy Ha 05, 3)

whose terms are invariant under the SU3) x SU((2) x
U(l)y x U(1) gauge group, and we are assuming a non-
vanishing U (1)’ charge of the RH neutrinos. Defining in what
follows z(F) as the the U (1)’ charge of a field F, we have
for the RH neutrinos z(v¢) # 0.

In order to build UpuvSSM models, let us note that the
introduction of exotic matter with color charge in the spec-
trum is mandatory. As we will discuss in the next section in
detail, the [SU(3)]> = U (1)’ anomaly cancellation condition
implies the presence of these exotic quarks. Their minimal
representations are singlets or doublets of SU (2), denoted
respectively by KK and . To avoid conflicts with experiments,
they must be sufficiently heavy to not have been detected. To
give them masses, one can couple them to the already present
RH neutrino superfields whose scalar components acquire
VEVs after the EWSB, with the general superpotential

Wy = Y DSRGKS + ¥2, ved s, (4)

where I = 0,1,...,ngand I’ = 0,1, ..., np, with ng
and np the number of K and superfields, respectively.
Note that the vanishing hypercharge of the RH neutrinos,
y(v¢) = 0, implies that the exotic quarks must have opposite
hypercharges to be coupled to each other,

yEKD =—y&p, ydf) =—-yDp). &)

i.e. they must be vector-like pairs under the SM gauge group
(as the Higgs doublets H, and H,;). This is also helpful
in reducing the sensitivity to precision electroweak con-
straints [45], and not altering the following anomaly can-
cellation conditions: [SU (3)]> = U(1)y, [SU(2)]* = U(1)y,
[Gravity]2 — U(1)y and [U(1)y]>. For the sake of general-
ity, we allow K; and D/ to have arbitrary hypercharges in
our analysis, nevertheless we will also find solutions of the
anomaly cancellation conditions where they have the same
hypercharges as the SM quarks.

In fact, we will show in the next section that only two
solutions of [SU(3)]* — U (1)’ anomaly cancellation condi-

@ Springer

tion are possible with this minimal type of exotic quarks.
One of them has ng = 3 and np = 0, and therefore the
corresponding superpotential is

A K et B
Wh(K;) = Y vi,KjK‘;, 6)
with j = 1,2, 3 as the family indexes. The other solution
has ng = 1 and np = 1, and the superpotential is

Wo (K, D) = YX 0SRRE + v? v DD, (7

In Sect. 4, we will see that very simple realizations of
UpvSSM models can be constructed. There, apart from the
exotic quarks, only two RH neutrinos are present. In these
cases, since in Uy vSSM models the couplings k7 jrx/ D, 9;‘, U7
are forbidden, the useful outcome of the £ vSSM where Majo-
rana masses are dynamically generated cannot be obtained.
Nevertheless, it was shown in Ref. [27], where three families
of RH neutrinos were used, that they can acquire large masses
through the mixing with the extra gaugino and the Higgsi-
nos. This produces two RH neutrinos with electroweak-scale
masses, whereas the third one combines with the LH neutri-
nos to form a nearly massless Dirac particle. So the elec-
troweak seesaw only works for two linear combinations of
LH neutrinos, and at the tree level there are four light Majo-
rana states. To account for neutrino data some of the entries
of the Yukawa matrix must be of the order of Y¥ < 10711
At the end of the day, one obtains two heavy RH neutrinos of
the order of TeV and four light (three active and one sterile)
neutrinos. Actually, given the oscillation anomalies in LSND
[46-49], and MiniBooNE [50] the extra light sterile neutrino
might be welcome [51].

Alternatively, we can avoid to tune the neutrino Yukawa
couplings, assuming the existence of additional singlets
under the SM gauge group. This also produces a different
type of neutrino spectrum. As we will see in the next sec-
tion, we have enough freedom in the constructions (fulfilling
anomaly cancellation conditions) to allow the presence of S
superfields with couplings

A .

W3 = Kaj’k/ SO( ﬁj/ ‘,)li/’ (8)

where « = 0,1, ..., ng, with ng the number of S super-
fields. They are distinguished from the RH neutrinos by the
value of the U (1)’ charge, and their VEVs dynamically gen-
erate Majorana masses for the RH neutrinos. In this case, all
RH neutrinos acquire masses of the order of TeV, and the
light neutrinos have the appropriate masses with all neutrino
Yukawa couplings YV < 107°.

Once the § superfields are present, we will show that it
is helpful for the anomaly cancellation conditions to be ful-
filled, to allow also the presence of other singlets under the
SM gauge group N with different U (1)’ charges. They can
be used as an additional source of masses for the S fields
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Table 1 Chiral superfields in UuvSSM models and their quantum
numbers, for the solution in Eq. (6) with the presence of the extra
quark singlets R; and ]Kf, i = 1,2,3. The indexes i’, o, o’ and
a” correspond to the number of different singlet superfields. z(F)
denotes the U(1) charge of a field F. For the alternative solu-
tion in Eq. (7), the last two representations must be replaced by
the four representationsK(& 1, y(K), z(K)),KC(é, 1, —y(K), z(K°)),
D (3,2, y(D), (D)) and D¢ (3, 2, —y(D), z(D°))

Fields (F) SUB) x SUQR) x U(l)y x U(1)
0 (3,2,1/6,2(Q))

i (3, 1, -2/3, z(u))

de (3.,1,1/3,2(d%)

L (1,2, -1/2,z(L))

e (1, 1,1, z(e%))

Hy (1,2, —1/2, z(Ha))

H, (1,2,1/2, z(H,))

b (1,1,0, z(v°))

Sa (1,1,0,2(5))

Ny (1,1,0, z(N))

Eyr (1,1,0, 2(8))

K; 3. 1, y(Ki), 2(Ki))

K¢ 3. 1L —y(Ky). 2(KS)

through the couplings

Wi = i}y s Nov S S )
where o’ = 0,1, ..... ny, with ny the number of N super-
fields.

Another interesting possibility that we can realize in
U vSSM models, is the presence of other singlets under the
SM gauge group which can be candidates for DM. Specif-
ically, we can ask for the presence of é superfields in the
spectrum with couplings

WS = Ki/{a”ﬂ” \’}lc, é'a// éﬂ”’ (10)

where «”, B” = 0, 1, .....ng, with ng the number ofé super-
fields. Remarkably, the scalar and fermionic components of
these superfields are weakly interacting massive particles
(WIMPs), and because of the Z; symmetry present in W5
the lightest of them can be used as stable WIMP DM, even
though we are working in the framework of RPV models. In
Sect. 4, we will build models with three RH neutrinos, DM
candidates, and no more extra matter. Constructions with a
different number of these fields, and including Sand N fields
will also be obtained.

Summarizing, to study the most interesting phenomenol-
ogy of UnuvSSM models we will work in what follows either
with the superpotential

WU;wSSM(Ki) =W+ Wa(K) + W3 + Wy + Ws,  (11)

or with the superpotential

WUWSSM(K D) = Wi + Wa(K, D) + W3 + Wy + Ws,
(12)

with the chiral fields shown in Table 1. As we will show in
the next section, the cases of interest contain a pair of Higgs
doublets H; and H,.

In the following, we will concentrate in these scenarios
analyzing the solutions of the anomaly cancellation condi-
tions, thus constraining further the spectrum. Note that if
z(F) is any particular solution (with F all the fields of the
spectrum), then the following linear combination is also solu-
tion [52]:

pz(F)+o y(F). (13)

Here the U (1)’ charges are scaled by an arbitrary normaliza-
tion factor p, as well as ‘rotated’ by hypercharge with another
arbitrary coefficient o. In the case of the hypercharge con-
tribution, this is possible because it fulfills automatically the
SM anomaly cancellation conditions, as discussed in Eq. (5),
but also, by construction of the models, the other two neces-
sary conditions, [U(1)y]*>— U (1) and [U (1)’ —U(1)y, as
we will discuss in the next section. This arbitrariness in the
numerical values for the U (1)’ charges has no effect on the
phenomenology of the models, since it can be reabsorbed in
the definition of the gauge coupling.

3 U(1) charges and anomaly cancellation

The U(1)" charges of the fields must fulfill the following
conditions:

z(v9) # 0, (14)
z(Hy) # —z(Hy), (15)
z(u) # =2 z(d°), (16)
z(Hy) = z(L). (17)

The first one was extensively discussed in the Introduction.
The second condition arises from the first one since the effec-
tive u term Ay H, Hy Df, must be present in the superpotential.
The third condition is in order to avoid fast proton decay,
forbidding the baryon-number-violating terms )L;’,kﬁfﬁjcc?,i .
Finally, the last condition arises from the simultaneous pres-
ence of Yi;,ﬁuiiﬁ;f, and Ai/ﬁu ﬁdﬁi‘}. Now, we ask that the
rest of the terms in Wy,,ssm are also invariant under the
U(1)’ symmetry, obtaining more conditions for the U (1)’

charges of the fields:

Y4 : Z2(Hy) +2(Q) +z(d) = 0, (18)
Y¢: 2z(Hy) + z(e) =0, (19)
Y*: z(H,) +z2(Q) + z(u€) =0, (20)

@ Springer
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A z(Hy) + z(Hg) +z(v°) =0, (21)
K 2(8) +2z(0%) =0, (22)
K2 Z(N) +22(8) =0, (23)
k" z(v) +22(8) =0, (24)
YR 2009 + 2(K)p) + 2(K$) = 0, (25)
Y2 209 + z(Dp) + 2(D5,) = 0. (26)

Using the above equations, we can express 7 + ng + np
charges in terms of the others. We choose as independent
charges, z(Q), z(v%), 2(Hq), z(Ky) and z(Dy).

Armed with these results, let us now impose the six
anomaly cancellation conditions associated to the U(1)
gauge symmetry.

1. In the absence of exotic fields, taking into account
Egs. (18), (20) and (21), the [SU (3)]> — U (1)’ condition,
>z = 0 (where the sum extends over all color triplet
fermions), gives rise to the constraint

3[22(0) + z(u®) + 2(d)] = 3z(v°) = 0. (27)

If we were studying the U (1)y of the SM, we would have
to substitute z(v) = 0 by the condition for the hyper-
charge y(v¢) = 0, which is trivially fulfilled as expected.
However, the U (1) charge of the RH neutrino z(v°) is dif-
ferent from zero, and therefore to cancel the anomaly it is
mandatory to add exotic quarks. Assuming the presence
of the quarks associated to the superpotential of Eq. (4),
it is straightforward to see that the constraint

(3 —ng —2np)z(v) =0, (28)

must be fulfilled. The equation ng + 2np = 3 has two
solutions. The one with

ng =3, np=0, (29)

implies the presence of three SM vector-like quark pairs,
singlets of SU(2), K; and Kf, i = 1,2, 3. The second
solution with

ng =1, np=1, (30)

implies the presence of a SM vector-like quark pair, singlet
of SU(2), K KC, together with a SM vector-like quark
pair, doublet of SU(2), @ De. It is worth emphasizing
here that both solutions have the same number of degrees
of freedom. The corresponding superpotentials are written
in Egs. (6) and (7), respectively. The representations of
these exotic quarks are also shown in Table 1.

@ Springer

2. Let us now consider the [Gravity]? — U (1)’ anomaly can-

cellation condition. Following similar arguments as in the
previous case, one obtains the constraint

<—9+2nH+3nK+6nD

1
e 4 25 — dny + Eng> 209 =0, (D)

where ny is the number of SUSY Higgs families, e.g.
ny = 1 denotes the usual two Higgs doublets of the
MSSM, H, and Hy. For both solutions in Egs. (29)
and (30), 3ng + 6np = 9, and therefore this constraint
turns out to be

1
nye =2y +n5—2nN)+§ng. (32)

. From the cancellation of the [SU (2)]> — U (1)’ anomaly,

one obtains for z(Q) the constraint

2(Q) = = [(na + 3np) z(v°) — 3z(Ha)]. (33)

O —

Since we will use this constraint in the computation of
the rest of the anomaly cancellation conditions, our list of
independent charges is reduced in the case of solution (29)
to

(v, z(Ha), z(Kp), (34)
and in the case of solution (30) to
z(v9), z(Hg), z(K), z(D). (35)

Note that if ng = 3, the constraint in Eq. (33) implies
z(v°)—z(Hy)—3z(Q) = —npz(v°). This result, together
with Egs. (18), (20) and (21), give rise to the rela-
tion z(u®) + 2 z(d) = —npz(v°). For solution (29)
with np = 0, this relation does not fulfill the con-
straint (16), and therefore the baryon-number-violating
couplings A;; X ﬁfc?jcﬁ]f would be allowed.

. The [U (1)y]2 — U(1) anomaly cancellation condition

gives rise to the result

1 s
|:§(—8 +2ny +3np) + 3 IX_; y(Kp)?

+6np y(]D))z] 20°) = 0. (36)

For solution (29) with the exotic quarks ]f{l,z,g and ]f{ﬁ 23
the latter constraint can be written as
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3 4—n
> yED = n 37)
i=1

The case ng = 3 is excluded by the requirement of
proton stability, as discussed before. For ng > 4 we
obtain a complex value for y(K;). For ny = 4 one
needs y(K;) = 0, but then the [U(1)']*> — U(1) anomaly
cancellation condition (see below) has solution only for
z(v°) = 0. Thus all cases with ny > 1 are excluded in
our scenario, except ny = 2. To avoid the potential prob-
lem of flavour-changing neutral currents (FCNC) facing
all models with an extended Higgs sector (see e.g. Ref.

[53] and references therein), we use as our case of interest
ny = 1. Therefore, Eq. (37) is written as

3
Y oy =1 (38)
i=1

For solution (30) with the exotic quarks K, K¢ and H3), @c,
the constraint from the anomaly cancellation condition
(36) can be written as

6y(K)? + 12y(D)> =5 — 2ny. (39)

For ng > 2 we obtain a complex value for the hyper-
charge. Nevertheless, for our case of interest ng = 1:

2y(K)? +4y(D)* = 1. (40)

Interesting examples of hypercharges that satisfy either
(38) or (40) will be given in the next section.
5. The equation associated to UMD -UQ)y is given by

nK
{62 y(Kz(Kp) + 12np y(D)z(D)
I1=1

+ (16 —4ny — 6np) z(Hy)

7 X
+ [6 — 3nn —4np + S;y(KI)

+-6np y(D)] z(vc)} z(v9) = 0. 41)
6. Finally, the equation associated to [U (1)’ 1P is given by

nKg
{9 > " 2(Kp)? + 18npz(D)* — 3 (16 — 4ny — 6np ) 2(Hy)?
I=1

nK
+ |:9ZZ(K1) +18np z(D)
I=1

—2(18 = Tny — 12nD)z(Hd)} 2(v%)

+ [(5 — %nH - 2nD> ng + 6np + J] ZWC)Z} 2(v%)

where we have defined
1
J = —nyc+8ng — 64ny + gng. 43)

Itis helpful to note that fixing the values of n 7, np and ng,
the only equations with a dependence in the remaining
number of fields are (32) and (42). Using (32), we can
rewrite J as

3
J=-2nyg+6ns—60ny — gng. (44)

From this result, it is straightforward to realize that in our
constructions the following transformations in the number
of fields do not modify the values of the allowed charges:

nye —> nye + 10n1 + 16n,,

ns — ns +nj + 10ny,

ny — ny +na,

ng — ng + lé6ny, 45)

where ny,ny =0, 1, 2, ... This implies that a given solu-
tion for the U (1)’ charges of a given number of fields
applies also for other constructions with the number of
fields related by Eq. (45).

4 Building UxvSSM models

In order to construct different models we have to fix the values
of the U (1)’ charges. Let us choose z(v°) = ;11, then condi-
tions (22-24) automatically determine the charges of the rest
of singlets under the SM gauge group S, N, and &. If all of
them are present, their charges are shown in Table 2. With this
result, we can study in the next subsections the solutions of
exotic quarks (29) and (30) with superpotentials (6) and (7),
respectively. Because of previous arguments, we work in
what follows with one family of Higgses (H, + Hy), i.e.

ng = 1.
4.1 Solutions with exotic quarks Kl,zﬁ and Ki,2,3
The solution of exotic quarks (29) contains SM vector-like

pairs, singlets of SU (2), K; and Kf, withi = 1, 2, 3. Since
we have fixed above the value of z(v) our independent

@ Springer
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Table2 Values of the U (1)’ charges of the singlets under the SM gauge
group after normalization, valid for all UuvSSM models

z(v©)
z(S)

z(§) _
zZ(N)

=

00— BI—

—

Table 3 Values of the U(1) charges for the SM matter in UpuvSSM
models using solution (29) with the exotic quarks K » 3 and K‘i,z,w and

fixing z(Hy) = 0, %, — % These values are independent of the solutions
for z(F), with F denoting the exotic quarks

Scenario 1 Scenario 2 Scenario 3
1 1
z(L) 0 3 -5
z(e%) 0 -1 1
1 3 1
z(Hy) 2 -7 1
1 1
z(Hq) 0 2 -2
Q) ! 5 !
¢ 36 36 36
2 4
c z 8 __
) 9 9 9
13 11
. 1
il % 36 %

charges are now z(H;) and z(K;), as we can see from the dis-
cussion in Eq. (34). For simplicity we start with the leptopho-
bic example z(Hy;) = 0, since constraints (17) and (19) imply
z(L) = 0 and z(e“) = 0. Using in addition constraints (18),
(20), (21) and the anomaly cancellation condition (33), we
obtain the charges of the rest of the SM matter shown in
Scenario 1 of Table 3. For scenarios with non-leptophobic
charges, i.e. z(Hy) # 0, we use e.g. z(Hy) = %, —%, as
shown in Scenario 2 and 3 of Table 3, respectively.

On the other hand, the gravitational anomaly cancellation
condition (32) determines the number of singlets under the
SM gauge group that we can use consistently. Since we are
assuming ny = 1, we can see that the minimal situation
with only RH neutrinos as singlets implies that their number
must be n,c = 2. Using now solutions for the hypercharges
from the anomaly cancellation condition (38), we can find
the allowed U (1)’ charges for the exotic quarks K; solving
conditions (41) and (42).

Examples of rational hypercharges fulfilling condition
(38) are

122
(IyEDI, Y&, [y(Ka)|) = <§, 3 5) ; <— ~ §> :

@ Springer

Table4 Anexample of values of the hypercharges for the exotic quarks
K; using condition (38). As discussed in Eq. (5), y(Kf) = —y(K;).
These values are independent of the solutions for z(F'), with F' denoting
the exotic quarks

y(Kyp) -3
2

y(K2) 3
2

y(K3) 3

The first example has an interesting interpretation because the
exotic quarks can have the same hypercharges as the ordinary
quarks. In particular, for the values shown in Table 4, one
can use for K{ and K3 5 the following notation by similarity
to the SM one: (y(]Kf = B°), yKS = TY), yK§ = Tg)) =
(3. -5.-3)

Using the example of Table 4, with the above strategy
we arrive in Scenario 1 to the four rational solutions for the
U(1) charges of the exotic quarks K; shown in Table 5.
Note that the values of z(KY) are automatically fixed by the
constraint (25). As explained, the minimal number of singlets
under the SM gauge group is n,c =2, ng =ny = ng = 0.
Nevertheless, following the discussion in Eq. (45) solutions
with a larger number of fields but the same charges, exist.
For example, for n; = 1 and n, = 0 the number of fields is
nye =12, ng = 1, ny = 0, and ng = 16. This is also true
for all the tables shown in this section.

Following the same strategy for the minimal cases nj » =
0, we can find other solutions with an even number of
RH neutrinos. First, in Table 17 of the Appendix we show
models with the same number of RH neutrinos as those in
Table 5, obtained introducing other singlets under the SM
gauge group in the construction. In particular, we impose
ns = 2, ny = 1, ng = 0. In general, we can see from
condition (32) that there is always an even number of RH
neutrinos if ng = 0. Several models with n,c = 4,6, and
different numbers of S and N fields, are shown in Tables 18
and 19, respectively. Solutions with the same number of RH
neutrinos but without the N field turn out to be complex
for the examples discussed here with z(Hy) = 0 (and with
z(Hz) = £1/2 to be discussed below).

To find solutions with an odd number of RH neutrinos we
need to impose ng = 2 4+ 4n, withn =0, 1, 2, ... Actually,
the presence of fields of the type & is also interesting because
the lightest one has the capability of being a DM candidate,
as discussed in Eq. (10). Working with ng = 2, we show
in Table 6 four minimal models with n,c = 3. Of course,
this table contains also models with S and N fields once we
allow n1> # 0. In Tables 20, 21, and 22, we show other
models with n,c = 1,3, 5, respectively. Solutions with five
RH neutrinos but without the N field turn out to be complex
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Table 5 Values of the U (1)’

. . Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
charges for the exotic quarks in
UpvSSM models using 1 1 1 7
solution (29) with the z(Kp) 3 3 351 351
hypercharges of Table 4. For 7 5 13 29
each column, the U (1)’ charges 7(K») - - - -
of the rest of the fields are given 27 18 54 108
in Table 2 and Scenario 1 of 2(K3) _19 7 3 B
Table 3. The minimal number of 108 36 27 108
singlets under the SM gauge 2(KS) _g _ 5 _2 _ 13
group consistent with these ! 108 36 108 108
charges is nye = 2 K¢ 1 1 1 1
«Ka) 108 36 108 54
. 2 1 7 1
«K3) 27 18 108 27
Table.6 The Same as in Table 5, Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
but with the minimal number of
singlets under the SM gauge 1 17 1 13
group nye =3 andng =2 z2(Ky) 108 ~708 3 ~708
K 26 61 5 65
“Ka) 108 216 18 216
K 37 23 11 19
2(Ks) 216 108 72 108
. 28 5 2 7
<) 108 54 9 54
Ke 1 7 1 11
«K2) 108 216 36 216
. 17 1 7 2
«K3) 216 27 72 27
Table 7 Values of t.he vy . Scenario 2 Solution 1 Solution 2 Solution 3 Solution
charges for the exotic quarks in
UpvSSM models using 37 19 11 23
solution (29) with the z(Kyp) 108 108 3% 108
hypercharges of Table 4. For 49 205 17 200
each column, the U (1)’ charges z7(K») ~51 ~306 =T ~316
of the rest of the fields are given
in Table 2 and Scenario 2 of 2(K3) _181 _ 5 _» ot
Table 3. The minimal number of 216 108 72 108
singlets under the SM gauge 2(KS) _ 16 ) 23 _é _ 25
group consistent with these ! 27 54 9 54
charges ism,c =3 and ng =2 71 151 25 155
<®3) 108 216 36 216
. 127 17 41 16
«K3) 216 27 72 27

for the examples with z(Hy) = 0 (and with z(Hy) = +1/2
to be discussed below).

For Scenario 2 with z(H;) = % we give in Tables 7 and
23 examples of solutions with the same number of singlets
under the SM gauge group as those in Tables 6 and 21. For
Scenario 3 with z(Hy) = —%, we give in Tables 8 and 24
again examples of solutions with the same number of singlets
under the SM gauge group as those in Tables 6 and 21.

Finally, it is worth noting that for the hypercharges of
Table 4 used in these solutions for the z(K;) charges, since

they fulfill y(K;,) = y(K3) seemingly new solutions can be
generated through the redefinitions K < K3, K§ < K§,
because they also fulfill straightforwardly conditions (41)
and (42). However, it is trivial to realize that they correspond
to a simple renaming of the fields, and are therefore equiv-
alent. The same comment applies in general, for any values
of the hypercharges, for the solutions generated through the
redefinitions y(K;) < —y(K;), K; < K.

@ Springer
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Table 8 Values of the U (1)’

. . Scenario 3 Solution 1 Solution 2 Solution 3 Solution
charges for the exotic quarks in
UpvSSM models using 35 53 13 49
solution (29) with the z(Ky) T 103 36 T
hypercharges of Table 4. For 23 33 7 79
each column, the U (1)’ charges 7(K») 31 216 I 316
of the rest of the fields are given
in Table 2 and Scenario 3 of 2(K3) 107 hicl 37 3
Table 3. The minimal number of 216 108 72 108
singlets under the SM gauge 2(K°) i E 1 I
group consistent with these 1 27 54 9 54
charges ismy,c =3 andng =2 ) 73 137 23 133
2(KS) — —= — —=
108 216 36 216
(KS) 161 19 55 20
o 216 27 7 27

Table 9 Values of the U(1)’ charges for the SM matter in UuvSSM
models using solution (29) with the exotic quarks K » 3 and Kﬁz 3. and

fixing z(Hy) = 0, %, — % These values are independent of the solutions
for z(F), with F denoting the exotic quarks

Scenario 4 Scenario 5 Scenario 6 Scenario 7
o o | | 1
‘ 2 2 4
1
¢ 0 -1 1 -
z(e%) >
1 3 |
H __ _z -
2(Hu) 4 4 4 0
. o 1 1 I
“iHd 2 2 4
0 1 1 5 7
‘ 9 18 18 36
s 5 29 19 7
> S _» _7
¢ 36 36 36 36
(d®) _1 _4 2 1
¢ 9 9 9 18

4.2 Solutions with exotic quarks ]K K¢ and ]]3) e

Let us now move to the solution for the exotic quarks in
Eq. (30), where one SM vector-like pair of singlets of SU (2),
]K, KC, and doublets ]@, HA))"", are present. After fixing z(v°) as
in Table 2, the independent charges in this case are z(Hy),
Z(K) and z(DD). If we choose again as a first example the
simple case z(Hy) = 0, then the new charges of the SM
matter are shown in Scenario 4 of Table 9. For scenarios
with non-leptophobic charges, we use z(Hy) = % —%, —}P
as shown in scenarios 5, 6 and 7 of Table 9, respectively.

On the other hand, examples of rational hypercharges ful-
filling condition (40) are:

1 21
(Iy@®L, [yM)]) = (0, 5) , <§, 5) . 47

In Table 10, we show the two cases that we will use in
this subsection. For the second case with y(K) = % and
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Table 10 Two examples of values of the hypercharges for the exotic
quarks K and D) using condition (40). As discussed in Eq. (5), y(KY) =
—y(K;) and y(Df) = —y(D;). These values are independent of the
solutions for z(F'), with F denoting the exotic quarks

Case 1 Case 2
(K) 0 2
Y 3
@) 1 1
Y 2 6

yD) = é, again by similarity with the SM one can use
for the exotic quarks K¢ and D the following notation:
GE =T, y@=Q) = (-3, 5)-

It is worth noticing here that the possible existence of
this extra type of quarks D = @Q with the SM hypercharge
1/6, was previously proposed in the context of the ©vSSM
[29]. The argument used there was the reinterpretation of
the two Higgs doublets as a fourth family of vector-like lep-
ton superfields, with the vector-like quark doublet ID as part
of this family. In the present context of UnuvSSM models
containing an extra U(1)’, two possibilities arise for these
exotic quarks with the same hypercharges as the ordinary
quarks: the exotic quarks have different U (1)’ charges from
the ordinary quarks, or they have the same ones and couple
therefore with them. We will show below a model with the
latter characteristic.

Asin the case of the previous subsection, many models can
be built fulfilling all the anomaly cancellation conditions. In
the context of Scenario 4, We show in Table 11 one of those
models with the same number of singlets under the SM gauge
group as those in Table 5. The hypercharges correspond to
those of the Case 1 of Table 10. Other models with the same
number of singlets under the SM gauge group are shown in
Table 12, imposing the hypercharges of Case 2 of Table 10. In
all the cases, the values of z(K¢) and z(ID°) are automatically
fixed by the constraints (25) and (26), respectively.
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Table 11 Values of the U (1)’ charges for the exotic quarks in UuvSSM
models using solution (30) with the hypercharges shown in Case 1 of
Table 10. The U (1)’ charges of the rest of the fields are given in Table 2
and Scenario 4 of Table 9. The minimal number of singlets under the
SM gauge group consistent with these charges is n,e = 2

Scenario 4
1
K ——
z2(K) 9
5
K¢ -
z(K) 36
(D) !
¢ 9
5
D* -
z(D°) 6

Table 12 The same as in Table 11, but for the hypercharges shown in
Case 2 of Table 10

Scenario 4 Solution 1 Solution 2
1 11
K _Z _
z®) 9 108
5 4
K¢ . B
2K 36 27
™) 1 7
¢ 9 54
5 13
]D)L' — PR
205 36 108

For Scenario 5 with z(Hy) = %, we show in Tables 25 and
26 models with similar characteristics to those given above
for Scenario 4 with z(Hd) = 0. We do the same for scenario
6 with z(Hy) = —5 showmg the models in Tables 27 and
28.

Finally, we studied Scenario 7 with z(Hy) = —JT. The
corresponding models can be found in Tables 29 and 30. It
is remarkable that the left column of Table 30 corresponds
to a concrete model with the characteristic discussed above:
the SM field Q and the extra quark doublet D have all equal
gauge charges, since also z(Q) = z(ID) = 7/36. Therefore,
terms are allowed in the superpotential of Eq. (12) where Q
and D = Q4 are interchanged, i.e. we must add the extra
terms

Wi issm = Mia Li Qudf +Y{ Hy Qud
—Yélfk I‘?u Q4 Mi + Yj%k’ Qj QZ \)Ack/, (48)

This model is a U(1)" extension of the scenario proposed
in Ref. [29] with a fourth family of vector-like quark dou-
blet representation, which due to anomaly cancellation has
in addition the pair of singlets of SU(2), K, Ke. Compared
to non-SUSY models, this model produces a variety of new
decay modes for the vector-like quarks involving the extra
scalars present in SUSY, as discussed in Ref. [54].

Similar to the discussion above for the other solution
of exotic quarks, the solutions that can be generated here
through the redefinitions y(K) < —y(K), y(D) < —y(D),
K < K¢ D « D¢, are also equivalent.

Let us finally remark that rational solutions for the charges
have been used so far in the discussion. This is expected if
the U (1)’ is embedded in a simple group, however in gen-
eral there is no reason for this to hold. As examples of this
possibility, we show in Tables 31 and 32 models with irra-
tional charges which have the same number of SM singlets
as those in Tables 6 and 21, respectively. They correspond to
solution (30) for the exotic quarks, hypercharges as in Case
2 of Table 10 and Scenario 4 with z(Hy) = 0. With these
characteristics we have already shown the models in Table 12
with n,c = 2. However, for n,c = 3 and the other singlets
as in Tables 31 and 32, it is not possible to find rational solu-
tions. The same happens for z(H;) = £1/2 and also with
hypercharges as those of Case 2 of Table 10. Nevertheless,
we have checked that irrational solutions can be found in all
these cases.

Summarizing, in this section we have built explicit models
that clearly show that the expected phenomenology can be
very diverse, with a variety of exotic quarks, extra singlets and
couplings, in addition to the extra Z’. The next sections are
devoted to discuss their impact on the experimental analyses.

5 The scalar potential

The study of the scalar potential will allow us to discuss the
spontaneous breaking of the gauge symmetry of UuvSSM
models, SUB) x SUQ2) x U(l)y x U(1) — SU@B) x
U (1)em- The neutral scalar potential is the sum of three con-
tributions: F-terms, D-terms and soft terms. Working in the
framework of a typical low-energy SUSY, and taking first
into account the superpotential in Eq. (11), the soft terms are
given by:

— Lsoft = €ab (Te Hd LzL €iR +T; H; éf)L ij
+T] Hzi)QfL”ZjR +h-°-)
+e€ab (TUk L LjL kR +1T t/k LzL Q]L dkR +he. )
ean (T HY LW = T Vi HYHY +he)
(TS kT + T Ve SaSp

Ko 7% o%e

T T + ) + (T, B RS + he.)
+m~‘vK;‘K/— +mH~(§ij*Kj

* 2 * 2 *
+msa5S Sﬂ +mNa,ﬁ,N /Nﬂ/ +mé ”5”%' ”Eﬁ”
2 ~ 2
+ms, VIRViR + "G, Q?L +m3, g
2 TaxTa
+m led]R +mz LLLL_]L +m tRelR
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+my, HJ*H + mj, HY* HY
1 ~0 ~ vt~y
+3 (M3§§+M2WW+M1 B°B° 4+ M| BYBO +h.c.).
(49)

In case of following the result based on the breaking of super-
gravity, that all the soft trilinear parameters are proportional
to their corresponding couplings in the superpotential (for a
review, see e.g. Ref. [55]), one can write

e e ye d __ ad yd U _ AU yU
Tz - Alelj’ le Al]Yl]’ T:] A Y j' o

V __ v v A Aly . K K
T’// — A[./'/Yl'j/ ) 711-/ —_ Ai’)"l/ . A i ,Yl j 3

’
K _ K . K —
Totj/k’ - Aaj/k/K‘Yl/k/ ’ Tot/otﬂ - Aa/aﬁka’aﬂ ’

T;-’/(a//ﬂ// = A i’ //,B/’Kl’a”ﬂ”’ (50)

where A is of the order of one TeV, and the summation con-
vention on repeated indexes does not apply.

For the superpotential in Eq. (12), the fifth and sixth lines
in Eq. (49) must be replaced by:

+( U,RDD‘—FTKU,RK]KC—}—h.C.)
Tk T TNC* TNC 2 Tk T 2 fFex e
(51
with

TP = ADYD T = AKYK (52)

It is worth remarking that because of the Z, symmetry
present in the superpotential of Eq. (10) containing the singlet
superfields under the SM gauge group of type é , the latter
can only appear in pairs in the Lagrangian. As a consequence,
if we consider the presence of only one of those superfields
or several of them without mixing, it is straightforward to
realize that a vanishing VEV for the scalar component &,
(&) = 0, is a solution of the minimization equations. Thus
the Z, symmetry is not broken spontaneously, but the other
neutral scalars develop in general the following VEVs:

0y _ Yd Oy Y~y UL

(Hy) = Nek (H,) Nk (vir) Nk
Gog) = SR gy = 28y = 2N (53)

i’'R ﬁa o ﬁ’ o ﬁ

This is a simplifying assumption that will not essentially
modify the following discussion, but can be helpful to have
either the bosonic or the fermionic components of £ as WIMP
DM, as we will discuss below. In order to study the phe-
nomenology associated to superpotentials (11) and (12), it
is enough to consider the simple case of no mixing between
generations, as well as in the corresponding soft terms (49)
and (51), respectively, and to assume that only one generation
of sneutrinos and of additional singlets under the SM gauge
group get VEVS: vz /v/2, Vg /v/2, vs/+/2, vy /+/2. We will
use this assumption in what follows. The extension of the
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analysis to all generations is straightforward, and the con-
clusions are similar. The expression of the tree-level neutral
scalar potential is then given by:

1 (1 2
(v =+ { 585 (10l + el = )
+l 2 [y 2 H 2 L 2
285 [2(HD al + 2(H) P + 2Ll

c 2 2 2 2

+20) g+ 2S)los + z(W)lew ]

Y P (1o Plorl + o Plow P + o Plogl?)

A (Ivallval® + [orPlval? + g val?)

Ikl (4 orPlvsl? + [ogl*)

i [2 (4 1vs P ow ? + sl

n (—w”*vduz|uu|2 — WY ot [up? + h.c.)

+2 (kY vivy vrus—A kUi v Vs UR

+/<*/<’(v}§)2v1v v + h.c.)}
1
+5 (m3locl +m o +m} low P

2 2 2 2 2 2
i los® + miy, lval? + my, 10,

1
A 2
+— (TvvuvaR — T"vgvgv, + TKvSvR

242

+T¢ oy + h.c.) , (54)

where g and g’ are the SU(2) and U(1)y gauge couplings
estimated at the mz scale by e = g sinfy = g’ cos Oy, gz
is the U (1)’ gauge coupling, and we have defined

=g+ (55)

Assuming CP conservation for simplicity, the six mini-

mization conditions with respect to vg, vy, Ug, Vs, Uy and
vy, are respectively:

1
Zg%(vﬁ + v% — vf,)vd

+g2 [z(Hd>v§ + 2(H )2 + 2(L)v} + z(v)vh
+Z(S)v§ + Z(N)vjzv] 2(Ha)vg + 2 2va (02 + v,ze)

—AY v v,2 — kY”va%—Z)»KvsvuvR

+2miy va — V2T vgv, =0, (56)

1
—Zg%(vﬁ + v% — vg)vu
+g2 [z(Hd)vf, + Z(H)2 + 2(L)v? + 20003
+Z(S)v§ + z(N)vZZV] z(H,)vy

+Y" %y, (v% + v%) + 22, (vﬁ + v%) —2AY" vgvr vy
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42k Y v VRS —2AKV4USUR
+2m%1uvu + V2T v vg — V2T vgvg = 0, (57)

8% [2(HDv} + 2(H)v + 2L} +20°)v}

+Z(S)v§~ + z(N)vlzv] z(v)vg + A2vR(vf, + vﬁ)

+K2(4URU_29 + ZU%) + Y"zvR(szl + vIZ‘)

4+ Y v, vs — 2MY V0V VR —AK U, Vg Vs
+4kk'vpunvs + Zm% VR + V2T vvr

—/2T*vqv, + 2v2T vsvg = 0, (58)

g2, [z(Hd)v§ + 2(H)V2 + 2(L)v? + 20003

+2(S)v2 +Z(N)v12\,] 2(S)vs

+4 1 vhvs + (4o vs + ng)

+26Y "0, L VR—2MK U, Vg VR + 2 kK VRN

+2mivs + V2T 0% + 22T  vsoy =0, (59)
%, [z<Hd)v§ + 2(H )2 + 2(L)v} + 203
+2(8)v + 2Ny | 2w

+4 K vioy + 2 kK vEUs
+2m%uy + V2T v} =0, (60)

1
Zg%(vﬁ +v7 —vD)u

e [z(Hd)vE, + 2(H)v? + 2(L)v? + 2003
+2(S)v} + z(N)v%V] 2(Lyvg

+Y" 2L (02 + v3) — AY vgv?
—AY"vgv% 4 26 YV v, vRVs
+2m2vp + V2T v,k =0. (61)

Note that apart from the presence of the singlets under the SM
gauge group S and N, these equations are similar to the min-
imization conditions for the uvSSM, where correct EWSB
is known to take place [5,7,11,12]. As in that model, the
scale of the soft terms is in the ballpark of one TeV and they
induce the EWSB in the U vSSM. It is also worth noticing
that whereas vg, vs and vy are naturally of the order of TeV,
as it happens in the uvSSM vy ~ 10~* GeV [5]. This small
value of vy from its minimization equation is because of the
proportional contributions to YV. These contributions enter
through the F-terms and soft terms in the scalar potential
(assuming TV = AYY" as in Eq. (50)), and are small due to
the generalized electroweak seesaw discussed in the Intro-
duction that determines Y¥ < 107 A simple estimation
gives v, < mp,, with mp, =Y, vu/~/2 the Dirac masses
for neutrinos. The smallness of the left sneutrino VEVs for
a correct description of the neutrino sector, compatible with
current data, has been shown in Refs. [5,7,11-14].

6 Masses and mass mixings

The Higgses and left sneutrinos have non-vanishing U (1)’
charges, producing therefore the mixing of the SM Z boson
and the Z’ boson associated to the U (1)’. The relevant terms
of the covariant derivative appearing in the Lagrangian of
UuvSSM models are:

Dy =8, —igzT3Z, —igz2(F)Z,,, (62)

where T3 is the third component of the isospin. After EWSB,
Higgses, left sneutrinos and singlet scalars under the SM
gauge group charged under U (1) acquire VEVs as discussed
in Eq. (§3), giving rise to the following mass-squared matrix:

2 2
Mzz Mzyz
( m2 w2 ) ’ (63)
zz "zz
where the entries are functions of the VEVs, gauge coupling
constants and U (1)" charges

1
2 _ 1t 22
mzz—zgzvv

mZZ,Z, g%, |:z(Hu)2v3 + Z(Hd)2v§ +z(L)? Z vl-zL

l

+ 2092 i+ 2 vie+ (NP Y vg,N} ,
i’ o o

1
MYy = 38282 [z(Hmf, — 2(Ha)vg —2(L) Y v?L} :
i

(64)

and we have not included the effect of a potential kinetic
mixing which is usually negligible [28]. Here v? = vﬁ +
V24303 = 2mw/g)? ~ (246 GeV)?.

As in the SM, this matrix can be diagonalized by a rotation
of the fields Z and Z’ around the mixing angle Opix. Then,
the eigenvectors Z; and Z, are a combination of Z and Z’,
and the mixing angle is related to the entries of the mass
matrix (63) as

2m2,, gz787v°
tan 20mix = 3 ZZ 7 = 5 5 <mix, (65)
M3z, — Mz, M3,7 —Mzy)
where

z(H,) tan* B — z(Hy)

Zmix = 2(Hy) sin> B — z(Hy) cos® p = tan? f + 1

(66)

Here we have defined tan 8 = v, /v4, and since vj;, <K
V4, vy, we have also used v? ~ vfl + vi. As we can see, in
the limit of large tan 8, zmix — z(H,).
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M 0 0 gzz(Hova  gzz(Hiv, g2z(vvr gz z(S)vs gzz(N)vy
0 M, 0 —?ud %gvu 0 0 0
0 0 M U —3 0 0 0
Hoyog —%vg & 0 * * 0 0
B 8z'2(Hg)vq ) V4 2Ud ﬁUR ﬂv”
M= (70
g g A A Yy
gz'z(Hy,)vy Evu _Evu _EUR 0 —Evd + EUL 0 0
A A
gzz0vvg 0 0 VA + N V2kvs V2kuR 0
gzz(Svs 0 0 0 0 V2kvg V2k'vy A 2kvs
gzz(Nyvy 0 0 0 0 0 V2K vg 0

There exist strong experimental constraints on how large
Omix can be, mainly stemming from precise measurements of
the Z boson couplings to fermions performed at the Z pole
at LEP (see for example Ref. [56]). In a realistic scenario, the
mixing angle is very small and thereforemz, * mzz ~ mz,
mz, X mzzy ~my and Z) = Z, Zy ~ Z'. Thus, Opix can
be approximated by:

gZ/gzv2

(67)
2(m3,

Omix ~ Zmix -

— mZZ)
Let us focus now our attention on the neutralino sector. In
UpvSSM models, because of the R-parity violation the neu-
tralinos, including the extra gaugino, mix with LH and RH
neutrinos, and with the other singlets under the SM gauge
group. Of course, now we have to be sure that one eigen-
value of this matrix is very small, reproducing the experi-
mental results on neutrino masses.

Working in the basis of 2-component spinors,’ the
neutral fermions have the flavor composition WOT =
((vp)* Z' B® W° HY H? vi S N), and one obtains the
mass terms in the Lagrangian, —%onm,/,o I/IO + h.c., with
myo a9 x 9 (symmetric) neutrino/singlino/neutralino mass
matrix

0m’
mw(): mM .

In this matrix, m is a 8 x 1 submatrix containing the mixing
of the LH neutrino with the neutralinos, the RH neutrino and
the extra singlinos S and N:

(63)

1 1 YYvg YYv
T / u
= 1z(L - = — 0 00 ).
m <gz zZ(L)vr, 78VL 58VL NG )
(69)

M is a 8 x 8 submatrix containing the mixing of the neu-
tralinos with the RH neutrino and the extra singlinos S and
N:

3 For a description of the notation used, see Appendix B of Ref. [8].
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It is relevant to note that, similarly to the ©vSSM, the
neutral fermion mass matrix mo has the structure of a gen-
eralized electroweak seesaw. Note in this respect that the
entries of M are of the order of about one TeV. On the con-
trary, the entries of the matrix m are much smaller being
determined mainly by the neutrino Yukawa coupling and the
left sneutrino VEV, which are very small as discussed above,
YY < 107°, v, < 10~* GeV. Thus, as expected we obtain
a very small mass for the light neutrino (actually, three small
masses in the case of including in the analysis the three gen-
erations). This is what happens in some of the models of
Sect. 4, such as e.g. the one of Table 21, where Majorana
masses are generated by the present couplings of the singlet
under the SM gauge group S (see the discussion in Eq. (8)).

However, other constructions can give rise to a different
phenomenology. For example, the model of Table 6 leads
to a situation similar to that of Refs. [27,57,58], where four
light particles are present because of the absence of Majo-
rana masses for the RH neutrinos (see the discussion below
Eq. (7)). Thus, this particular extension predicts the existence
of two heavy RH neutrinos of the order of TeV, and four light
(three active and one sterile) neutrinos.

Finally, we have also performed an estimation of the tree-
level mass of the SM-like Higgs in these models. Let us
remember that neglecting the mixing of the SM-like Higgs
with the right sneutrinos, and the small neutrino Yukawa cou-
pling effects, the expression of the mass in the L vSSM is sim-

ilar to the one of the NMSSM once we defined = /Y )\l.z,.
This is given by the following tree-level expression [7]:

m2 = m?% cos? 28 + (v/+/2)* A% sin® 28. (71)

This mass receives a positive contribution from the U (1)’
sector [59], in such a way that the tree-level formula for the
mass of the SM-like Higgs in UpvSSM models is given by:

mi = m?% cos® 28 + (v/+/2)* A sin? 28
+g70? [Z(Hu) cos? B + z(Hy) sin? ,8]2 . (72)
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Thus, the addition of the U(1)" gauge group to the uvSSM
has also the interesting feature of increasing the Higgs mass,
relaxing therefore the constraints on SUSY spectra. Note that
effects lowering (raising) the tree-level mass appear when the
SM-like Higgs mixes with heavier (lighter) right sneutrinos.

7 Present bounds

Limits on exotic quarks/squarks and Z’ masses and couplings
arise from direct searches at colliders. In addition, limits on
Z — 7' mixing stem from precision electroweak data. In
this section, we will apply them to extract bounds on the
parameter space of UuvSSM models.

7.1 Constraints from the LHC

As discussed in previous sections, the presence of exotic
quarks/squarks in the spectrum of UpuvSSM models is
mandatory. This type of particles can be produced at the
LHC, and in the cases when they do not couple to ordinary
quarks it is sensible to assume that they will hadronize inside
the detector into color-singlet states, known in the literature
as R-hadrons. Thus, bound states of exotic quarks/squarks
combined with SM quarks can be produced at the LHC (for
a review, see e.g. Ref. [60]). Unless these R-hadrons decay
via non-renormalizable operators in specific constructions,
we expect them to be stable and therefore the current bounds
at the LHC on their exotic constituents are of about 1.2 TeV
[61]. In case the new quarks couple to SM quarks, their pro-
duction (singly or in pairs) and decay gives various signals
with multiple b and top quarks, see Ref. [54]. As we know
from the discussion of Sect. 2, the VEVs of the right sneu-
trinos v,/ g are crucial to determine the masses of this exotic
matter of UuvSSM models (see Eq. (4)). Thus, values of v;/ g
of the order of TeV or larger, obtained from the minimization
of the scalar potential (see Eq. (58)), can fulfill the current
bounds.

Let us now discuss the limits on Z’ masses. A Z’ can
be discovered at the LHC through the Drell-Yan production
including the following SM final states: Z' — ££ [62] (with
¢ =e,n),Z — jj63] (with j a light quark), Z' — 7
[64], Z" — WW [65] and Z' — Zh [66]. In this subsection,
we will study how these limits translate into bounds on the
Z' mass of UpvSSM models.

For this analysis, we need to know first the Z’ decay widths
(for a review, see e.g. Ref. [67]). One can obtain them in the
case of Dirac fermions f using the following neutral current
interactions:

Lhe =822, Y Fr*[2())PL —2(f)Pr] f. (73)
f

where z(f) (—z(f€)) are the U (1)’ charges for the left (right)
chiral fermions. Then, one is able to obtain the following Z’
decay widths:
&2
R oz 2 c\2

Pypf=Crmz S0 +2(69?]. (74)
where Cy is the color factor (1 for color singlets and 3 for
triplets), and the fermion masses have been neglected (for-
mulas including fermion mass effects can be found in Ref.

[68]). In this approximation, one finds for the Z’ decays to
SM fermions:

Z Ty g=my % H9 [Z(Q)2 + z(uc)z]
f

+9 [z(Q)2 + z(d”)z] +3 [z(L)2 + z(e%z]
+32(0)%}, (75)

where the last term 3z(L)> corresponds to the contribution
of the LH neutrinos. Although they are in fact mixed with
RH neutrinos and neutralinos in the mass matrix discussed
in Eq. (68), in a good approximation they are almost pure
LH neutrinos and the formula (74) can be use without the
contribution z(v¢).

Other Z' decays to SM particles are present, although typi-
cally with small branching ratios. A pure Z’ has no couplings
to W bosons, unlike the Z in the SM. However, as discussed
in Sect. 6 the Z and the Z’ are mixed. Thus, the Z compo-
nent contained in the mass eigenstates Z » interacts with W
bosons. The partial decay width of the Z, ~ Z'toa W W~
pair can be approximated as

22 4 2
gZQmix mz 8z 2
F 7 - = ) — R — = ) —— co . 76
2o WEws = M2 oy (mz ) M2 4 i (70)
As expected, it is suppressed by the square of the small mix-
ing angle Opix mZZ / mZZ, (see Eq. (67)), which compensates
the huge factor (mz /m 2)*. For Z' much heavier than the
weak and Higgs bosons, we have in the alignment limit

Uz zn=Tz_ w+w-. N

Therefore, these two channels contribute each with zrznix /2 to
the sum in Eq. (75), when computing the total decay width.

The presence of additional channels depends on the spec-
trum of the models. For example, the decay into hA, i.e.
the neutral CP-even SM-like Higgs and a CP-odd Higgs
(both with doublet-like composition) is allowed if the lat-
ter is light enough. In U vSSM models, similar to the case
of the uvSSM there are seven neutral pseudoscalar states
from the mixing between Higgses and sneutrinos. However,
the three left sneutrinos are almost decoupled, and we are
left with the doublet-like pseudoscalar and the three right
sneutrinos contributing to this channel. The latter states can
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be even lighter than the SM-like Higgs [6,69]. The predic-
tions of these scenarios could be constrained with the ATLAS
searches [70].

Besides, Z’ decays into SUSY partners might be kine-
matically allowed, such as decays into Majorana fermions
or sfermions [2,68,71]. Concerning the latter decays, if the
right sneutrinos are light as discussed above, Z’ decays to a
right sneutrino pair can be sizeable. Also the left sneutrinos
can be light, as discussed in Refs. [8,43,72], and therefore
decays to a left sneutrino pair can be interesting to consider.

In addition, other particles present in UpuvSSM models
might allow other Z’ decays, such as decays into the exotic
quarks or into the fermionic partners of the singlets under
the SM gauge group. However, we expect their masses to be
large enough as not to contribute significantly to the analysis.

The Z' production cross section depends on the Z’ mass
and coupling, as well as on the U(1)’ charges of the quarks.
On the other hand, the branching ratios into the SM final
states depend on other details of the model. The presence
of other decay modes involving new particles as those dis-
cussed above reduces the branching ratio into SM final states,
relaxing the constraints from those searches. Thus, we will
conservatively ignore these other possible decay modes in
order to discuss the limits, and therefore we will work with
the total decay width '/ given by:

Pz =) Typj+Tzowiw-+Tzozn (78)
f

The signals involving Z’ decay into new particles and their
observability will be discussed in the next section.

Since the signals studied here depend only on the U (1)’
charges of the SM particles, our analysis will be focused on
the seven scenarios built in Tables 3 and 9 of Sect. 4 with
different values for these charges.

The branching ratio into SM final states depends on tan 3,
via the widths ['(Z' — WHtW™) and I'(Z' — Zh), which
are proportional to the factor Zrznix’ see Eq. (76). For reference,
we will fix tan 8 = 2. For other values, the mixing angle
scales with the factor

b 5 z(H,) tan? B — z(Hy)
Onix = 47(Hy) — 2(Hy) tan2 B + 1

shown in Fig. 1 for the different scenarios. In the limit of
large tan 8, kg, . — S5z(H,)/(4z(H,) — z(Hy)). The widths
'z — WW) and I'(Z' — Zh) scale with kgmix. Since
these two decay modes are subdominant the Z’ branching
ratios into fermionic final states practically are independent

of 8, and the BRs into WW and Zh approximately scale with
kg .

Searches for Z' — ££ provide the strongest constraints
except for scenarios 1 and 4 where the Z’ is leptophobic.
The 95% confidence level (CL) upper limit on o (pp —

Z") x Br(Z' — ¢£) from Ref. [62] is presented in Fig. 2.

; (79)
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Fig. 1 Scale factor for the mixing angle 0pix, defined in Eq. (79), as a
function of tan § in logarithmic scale
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Fig. 2 Limits on Z’ bosons arising from the search in Ref. [62] in the
dilepton final state. Together, we show the cross section predictions for
Scenario 2 of Table 3, with g7z = gz by definition. For the rest of
scenarios the cross sections can be reinterpreted according to (80) and
Table 13

We also show the cross section prediction for Scenario 2 for
couplings g7 = gz = 0,025,0,05,0, 1, 0.2. For other
scenarios the cross section predictions in Fig. 2 can easily be
reinterpreted by using the modified coupling

- mz:
82 =gz x ko (1+ kT ) (80)

with ko and k; given in Table 13. Note that because k| < 1
the mass dependence of this rescaling is very weak.

Limits on the Z’ boson mass and couplings for Scenario
1 from dijet [63,73], t7 [64,74], diboson [65] and Zh [66]
resonance searches are presented in Fig. 3. We show the cross
sections times BR for the corresponding final state (shown in
the upper left corner of the plots) corresponding to couplings
gz = gz = 02,0.4,0.8, as a function of the Z’ mass.
For the remaining scenarios the cross section predictions can
be obtained by using (80) with the values of kg, k1 given in
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Table 13 Numerical factors used to compute the modified coupling g to reinterpret the cross section predictions in Fig. 2

Scenario 3 Scenario 5 Scenario 6 Scenario 7
ko ki ko ki ko ki ko ki
e 0.80 —-0.014 0.97 -0.004 0.87 -0.008 0.44 -0.020

Table 14. It is found that in most cases this coupling rescaling
is almost independent of the Z’ mass in the range of interest,
and for the rest the dependence is quite weak. In all cases the
strongest constraints result from the diboson and Z# final
states. As discussed above, for other values of tan 8 the cross
section times BR approximately scales with kg.

The direct limits on Z’ masses and mixings have implica-
tions on the VEVs of the singlets that are required to generate
the Z’ mass. Since mzz in Eq. (64) approximately equals
the Z’ mass, we can write

\/Zviz,R +4ZU§S + 16Zv§,N ~ 4mZ,,
i’ o o

(1)
87/

where we have neglected the small contributions from the
Higgs and left sneutrino VEVs, and used for the U(1)
charges of the singlets under the SM gauge group the result of
Table 2. The sum within the square root is easily dominated
by the last two terms (specially the last one), for example
under either of these conditions allowed by the minimization
equations (58-60):

(1) all VEVs are of similar order, v;/g ~ vgs ~ Vo'N = UnN,
and the number of each type of singlets is similar, 7,c ~
ng ~ ny = ny (as typically obtained in the models of
Appendix 6);

(i1) there is a hierarchy in the VEVs v/ g < vgs ~ Vy/y =
UN.

In such case, the number of each type of singlets is

my 2
nN ~
87'UN

For leptophobic scenarios vy is naturally at the TeV scale. Let
us select for Scenario 1 the masses M, >~ 1.2,2.5,3.3 TeV,
and gz ~ 0.2,0.4,0.8 as the corresponding upper limits
for the gauge couplings allowed for these masses by direct
searches. The above equation implies that e.g. for VEVs of
the order of 3 TeV one needs at least a number of singlets
ny ~ 4,4,2 to give the Z’ boson its mass. These results
are similar for Scenario 4. Therefore in these cases, unlike
the non-leptophobic scenarios discussed below, the number
of singlets under the SM gauge group can be small with all
VEVs of the order of TeV or below. In particular, note that
v;7g can be much smaller than v, y, thus allowing for scalars
at the electroweak scale with a TeV-scale Z’ boson.

(82)

Notice also that in models where neither of the above con-
ditions (i), (ii) hold, the VEVs and/or the number of singlets
required are larger. An example are the scenarios without
singlets of the type N and S, as those shown in Tables of
Sect. 4 and Appendix A.2. Then, Eq. (82) must be replaced
by

(83)

implying that a large number of RH neutrinos is required for
the masses and couplings discussed above. Alternatively, if
vg ~ 10 TeV, thenn,c ~ 4, 4, 2 is sufficient. Let us point out
that one can obtain this VEV hierarchy without increasing
an order of magnitude the values of the soft terms. As can be
straightforwardly deduced from the minimization equations,
it is in fact sufficient to decrease an order of magnitude the
A, k, YV couplings, i.e. tovalues A,k ~ 0.1 and YV < 1078,
This is because the relevant quantities from the superpotential
are the products Avg, kvg and YV vg.

The stringent limits on the mass and mixing of general
(non leptophobic) Z’ bosons imply that the VEVs of (at least
some of) the scalar singlets are well above the TeV scale,
unless there are a large number of singlets present. Selecting
for Scenario 2 the masses M, >~ 2.5,3.9,4.5,5.3 TeV and
the corresponding gz =~ 0.025, 0.05, 0.1, 0.2 upper limits
for the gauge couplings allowed by direct searches, Eq. (82)
implies that e.g. for a VEV of the order of 5 TeV one needs
at least a number of N singlets ny ~ 400, 244, 81, 28,
respectively, to give the Z’ boson its mass. Slightly more
fields are required for the other (non-leptophobic) scenarios
of Table 13.*

As mentioned above, alternatively we can reduce the num-
ber of fields required allowing a hierarchy between the VEVs
of the singlets under the SM gauge group. For example, with
vy = 10 TeV, Eq. (82) can be fulfilled with ny ~ 10 for the
cases of masses and couplings discussed above, whereas vy
stays in the order of one TeV. To obtain this hierarchy without
increasing an order of magnitude the soft terms associated
to the fields with larger VEVs, § and N, it is sufficient to

4 Although this number of singlets may seem too big, let us remind
the situation in string constructions where typically there is a large
number of singlet fields. For example, in Ref. [75] where a SM model-
like construction from orbifolds was obtained, the number of singlets
at low energy is 33. Also, this number is as large as 196 in the D-brane
constructions discussed in Ref. [76].
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Fig. 3 Limits on Z’ bosons arising from searches in several final states:
dijets [63,73] (top left), 17 [64,74] (top right), WW [65] (bottom left)
and Zh [66] (bottom right). Together, we show the cross section pre-
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dictions for Scenario 1, with g7z = gz by definition. For the rest of
scenarios the cross sections can be reinterpreted according to (80) and
Table 14

Table 14 Numerical factors

. Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7
used to compute the modified
coupling gz to reinterpret the ko ki ko ki ko ky ko ki ko ky ko ki
cross section predictions in
Fig. 3. For the entries marked Jj 36 0 1.8 0 1.09 -0.019 33 0 22 0 1.1 —-0.013
with vanishing k the scaling is tr 33 0 13 0 075 —-0.018 2.8 0 1.8 0 0.86 —0.015
practically independent of the WW,Zh 25 0 093 0 095 —0019 27 0 034 0 0.17 —0.013

mass within the range of interest

decrease an order of magnitude the corresponding couplings
to values «, K’ ~ 0.1, since now the relevant quantities from
the superpotential are the products kvgs and «'vy .

7.2 Indirect limits

The Z — Z' mixing angle Oy« is constrained by the precise
measurements of fermion couplings, in particular at LEP, and
by the relation between the W and Z boson masses. As we
will see, for Z’ boson masses of several TeV these limits are
basically ineffective compared to those from direct searches.

@ Springer

For illustration we will select a reference mass M, = 2.5
TeV as example. For the coupling gz we use the 95% upper
limit allowed for this Z’ mass by direct searches, as discussed
in the previous subsection, for each scenario. Table 15 col-
lects these values of gz, the factor znix defined in Eq. (66)
for tan 8 = 2, and the resulting Opix.

The mass of the Z| (= Z) gauge boson resulting from the
diagonalisation of the 2 x 2 matrix (63) is given by

m% ~ m% (1 — 8mix) » (84)
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Table 15 Summary of 95% CL upper limits on Z’ coupling for A}I:’B = l};BSM [1— 0.1630[2 - 0.8886};?],

myz = 2.5 TeV (second column) and zpix factors (third column) in SM b b c c
each scenario. The resulting Z — Z’ mixing angle and relative contri- Re =R [1+0.508¢;, —0.0918cy +2.08c7 — 0.895¢],
bution to the Z boson mass are given in the fourth and fifth columns, ¢ _ 46SM ¢ ¢
respectively B = Aps  [1+1.28c; +2.75cy], (89)
Scenario gz Zmi Omi Omi .. .
- — - where we label the SM predictions with the ‘SM’ super-
1 0.5 -0.2 -3.6x 107* 9.7x 1075 script. These expansions only assume that the corrections to
2 0.024 -0.7 —6.0 x 107 2.8 x 107  the b and c couplings given by (88) are small, as is our case.
3 0.019 0.3 2.0 x 1073 3.1 x 107 We present in Table 16 the SM predictions and experimental
4 045 _02 _32 % 10~4 79 % 10-3 measurements for these quantities [45], as well as the correc-
5 0.023 —07 58 %105 2.5 % 10-6 tions in scenarios 1 and 4, with the input values summarised
_5 7 in Table 15. As it can be observed, the contributions arisin
6 0.020 0.3 22 %10 3.7 %10 Lean i g
7 0.010 0.05 1.8 % 10-7 24 % 10-° from the Z — Z’ mixing are in all cases much smaller than
' ' ’ ' the experimental and theoretical uncertainties.

where m2ZZ = (mW/cW)2 at the tree level, with cyy = )
cos By, and the correction due to mixing is 8 Phenomenological prospects
Smix = 2 (£> Omix Zmix - (85)  Once we have shown in the previous section that UuvSSM

8z models are phenomenologically viable, with reasonable

The numerical value of this correction for the examples  lower bounds on the Z’ mass that depend on the parame-
selected is given in the last column of Table 15. The impact  ter space analyzed, let us now discuss other type of signals

of this correction can be assessed by the parameter [45] that could be relevant for its detection.
m2 The Z’ boson can produce quite characteristic signals
P = z—ng (86)  when decaying to sparticle pairs. In this discussion we focus
mzcwpP on leptophobic Z’ bosons with z(H,;) = 0, because otherwise

where p takes into account radiative corrections to the SM the Z/ — ete™ and Z' — 't~ signals that are already
tree-level relation my = mzcw. As a result of a global ~ seeked for at the LHC would be the most visible ones. The
fit, po = 1.00038 & 0.00020 [45]. From Eq. (84), we have decays into weakly-interacting SUSY particles pose a spe-
p0 = 1 + 8mix, therefore the values of 8pix in Table 15 are  cial interest because in some regions of the parameter space

well in agreement with experimental data. they could produce the most prominent signals. We can have
The mixing also induces modifications of the fermion cou-  the following ones:
plings with respect to the predictions of the SU(2) x U(1)y

theory. Writing the SM neutral current Lagrangian as o Z' — Dygijg, with Bg and ;g decaying into lighter
z = f f V¢ or weak bosons, which ultimately decay into quarks.
e = 822 Z frt (CL PL+cx PR) 1. ®7) These signals produce two or m)(;re m):lssive qmulti-
! ‘ ‘ pronged jets [78] that can be pinpointed with suitable
the corrections are cljj’ R c{y rT (Scljj’ g With tools [79]. On the other hand, the direct production of
. . . . these neutral particles is quite suppressed by their small
Scf = =X 2(f), Sch = X 2(f). (88) coupling to the SM particles. The potential of a generic
2Zmix 2Zmix search to detect massive dijet signals in this context will

For charged leptons the Z — Z’ mixing contributions to the be presented elsewhere [80].
vector and axial couplings c‘]; = (¢ + c£)/2 and c£ = o 7 — f(ﬁ)}f, f(g)fg,withtheMSSM—like decays )Zli —
(c,{ - cj;)/Z, respectively, are |5C"C 4l < 14 %1075, ie. t*vy, x) — €7¢" %) and RPV decay of the lightest
three orders of magnitude below the current precision [45]. neutralino )Z? — vy yielding missing energy. This type
(Note that for the leptophobic scenarios where gz can be of signals has been studied in the context of DM models,
larger the corrections to lepton couplings identically vanish.) with neutral heavy leptons N> and a charged lepton
For the quarks the corrections are of the order of 107>. The E in the place of 1.2 and i, respectively. From the
impact of these contributions in Z-pole observables Ry, R, results in Ref. [81], one can see that there are regions in
A}[;B’ A%y, can be investigated by writing [77] the parameter space where the Z’-mediated signals are
more significant than the direct production of )Zfz and

Ry = RM [1 — 1.816¢ +0.338¢h — 0.428¢5 + 0.195¢5], %3 pairs.

@ Springer
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Table 16 SM predictions and

. SM prediction Measurement Scenario 1 Scenario 4
experimental values of selected
Z-pole observables, as well as Ry 0.21581 = 0.00002 0.21629 + 0.00066 —4.9 %107 —1.0x 1075
Z — Z' mixing contributions
arising in scenarios 1 and 4 (see R, 017221 + 0.00003 0.1721 £ 0.0030 1.1 x 1073 1.3 x 107
the text) Aby 0.1030 £ 0.0002 0.0996 £ 0.0016 ~7.2 x 1077 —2.3x107°
Agp 0.0736 £ 0.0002 0.0707 £ 0.0035 —1.0 x 1073 —3.5x107°

o 7 — f(f‘)?l_ )Zg)zg with the same decays )Zli —
v, 1Y — ¢te %) and RPV decays 3! —
Y07 v, gg'¢ with a displaced vertex [82]. Depending on
the Z’ mass, the final state particles may be more or less
boosted and collimated. When the Z’ is much heavier
than its decay products, the characteristic signature is a
pair of complex objects, each consisting of two colli-
mated leptons with an emerging lepton pair or jet. The
possibility to identify these objects, and the sensitivity
to these signals, either in the direct production or in the
decay of a Z’ boson, deserve further investigation.

On the other hand, the é sector, when it is present in
UpvSSM models, can also give rise to characteristic sig-
nals. Let us discuss them briefly. As mentioned in Sect. 2,
the superpotentials (11) and (12) contain a Z, symmetry. If it
is not spontaneously broken, one can have either the bosonic
or the fermionic components of the superfield £as potentially
interesting WIMP DM candidates. In order for this type of
candidates to be absolute stable the Z, symmetry must be
exact at the non-renormalizable level, which depends on the
specific construction used.

Defining for the bosonic component & the scalar (ER) and
pseudoscalar (EI ) fields as

1

R T
ﬁ(é +i57),

£ = (90)

their masses squared are given by:

1
mir = 585 |2Hola + 2l + 2(D)lvr

+20) 02+ 2(S)lvs + 2V low ]
+m§ + m% + (A" vyva + YV vu0

+2kk"vRUg + \/ET"HUR) , 91)

1

mlz = 38 [2(Holva + 2(H )l + 2(L)lue
+20) 0r2 + 2(S)lvs + 2V low
+m§ + m% — (A" vva + Yk v

+2xk"vpvs + ﬁT“”vR) , 92)

@ Springer

where m; is the soft mass and mg is the mass of the fermionic
component &:

mz = V2" vg. (93)

The lightest of these fields above is the WIMP DM candidate,
which has in general Z’ and Higgs mediated (though the mix-
ing with the scalar and pseudocalar RH sneutrino) annihila-
tions and interactions with the visible sector. This interesting
subject will be discussed in another occasion [83].

9 Conclusions

In this work we have built U (1) extensions of the wvSSM,
dubbed UuvSSM. We have shown that the extension of the
uvSSM with a U (1)’ symmetry is very well motivated from
the theoretical viewpoint in order to forbid dangerous cou-
plings. Besides, these models give rise to new and interest-
ing phenomenological properties. In addition to a new Z’
gauge boson, exotic quarks and singlets under the SM gauge
group are present in the spectrum due to the anomaly can-
cellation conditions. The singlets can be distinguished by
the U (1)’ charges. Some of them behave as the RH neu-
trinos of the ©vSSM, dynamically generating the p-term.
Others can generate electroweak-scale Majorana masses for
the RH neutrinos solving straightforwardly the v-problem,
and, alternatively, in some models light sterile neutrinos can
be present. Finally, other type of singlets can be used as DM
candidates. The new quarks have typically different U (1)’
charges from the SM quarks, in which case they are expected
to hadronize inside the detector into color-singlet states. But
in some models they can have the same charges as the SM
quarks, in which case their production and decay gives final
states with multiple top and bottom quarks, and gauge and
Higgs bosons.

The phenomenology of UpuvSSM models is very rich.
For non-leptophobic scenarios the Z' — £¢ decays are very
clean, and the null results of current searches provide the
strongest constraints on the mass and mixing of Z’ bosons,
with for example a lower bound on the Z’ mass around 4.5
TeV for an U (1)’ gauge coupling of about 0.1. In the case
of leptophobic scenarios these limits are weaker, and the
strongest constraints result from the diboson and Z# final
states. The lower bound on the Z’ mass is around 3 TeV for
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an U (1)’ gauge coupling of the order of the weak coupling
g. We have also analyzed the limits on Z — Z’ mixing from
precision electroweak data, but they turn out to be ineffective
compared to the previous ones from direct searches.

Finally, we have sketched novel signals that could be
explored in forthcoming publications, produced in the decays
of the Z' to sparticle pairs such as right sneutrinos, charginos
or neutralinos. In particular, if the Z’ boson is significantly
heavier than its decay products, the experimental signature
contains complex boosted objects, such as multi-pronged
jets, or collimated leptons with or without displaced vertices,
which require specific tools for their detection. Besides, even
though we are working in the framework of RPV models, sta-
ble DM particles due to a Z, symmetry of their couplings in
the superpotential can be present in specific constructions.
Such a DM is of the WIMP type, and can be formed by the
bosonic or the fermionic components of the the singlet super-
fields under the SM gauge group. Thus, it has in general Z’
and Higgs mediated annihilations and interactions with the
visible sector, that would be interesting to analyze.
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Appendix A: Values of the U (1)’ charges for the exotic
quarks

Here we show solutions for the values of the U (1)’ charges
for the exotic quarks in U vSSM models, in addition to those
solutions already shown in Sect. 4.

A.1 Solutions with exotic quarks Kl,z,g and Kf 23

See Tables 17, 18, 19, 20, 21, 22, 23, and 24.

Table 17 Values of the U (1)’ charges for the exotic quarks in UuvSSM
models using solution (29) with the hypercharges of Table 4. For each
column, the U (1)’ charges of the rest of the fields are given in Table 2
and Scenario 1 of Table 3 of Sect. 4. The number of singlets under the
SM gauge group consistent with these charges is n,c = 2, ng = 2 and
nN = 1

Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
25 1 1 5
K = _ — =
(1) 54 18 27 27
19 4 65 71
K _ 7 _ = _
2(K2) 108 9 108 108
W) 1 5 1 4
“As 108 13 54 27
77 13 31 7
KC - P — [
(&) 108 36 108 108
4 7 19 1
(K -z L e =
2(Ky) 54 36 54 27
13 1 49 43
K¢ - - = _
2(3) 54 36 108 108

Table 18 The same as in Table 17, but with the minimal number of
singlets under the SM gauge groupn,c =4, ng =3 andny =1

Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
7 29 4 8
K - _=Z - _2
(&) 18 54 27 27
5 55 14 17
(K _2 _2 -z _L
2(K2) 13 108 27 27
1 19 19 7
(K — _ — L
() 18 108 108 108
23 31 43 5
K¢ _= 2 - =
(& 36 108 108 108
1 7 29 41
K — L = il
(&) 36 27 108 108
&) u 2 23 17
2% 36 27 54 54
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Table 19 The same as in Table 17, but with the minimal number of
singlets under the SM gauge group n,ce = 6, ng =4 and ny = 1

Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
7 29 1 5
K - i — =
21 13 54 27 27
) 7 23 59 65
“he 36 54 108 108
W) 1 7 4 5
“is "36 27 27 54
23 31 31 7
(KE _= 2 = S
2Ky 36 108 108 108
1 19 8 19
K - — 2 e
2(K3) 18 108 27 54
2 1 43 37
K¢ _= — - 2L
2(3) 9 108 108 108

Table 20 The same as in Table 17, but with the minimal number of
singlets under the SM gauge groupn,c = 1,ns = 1,ny = landng =2

Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
55 71 1 7
K Pl _ _ -
21 108 108 36 54
) 25 1 47 29
2 216 27 72 108
5 73 2 23
K _ _ il =
() 108 216 19 108
41 1 2 13
K¢ = — _= 2
2Ky 54 27 9 108
29 17 29 |
K i L e —
2(Ky) 216 108 7 54
1 19 17 1
K< —— — 1 -
2(3) 54 216 36 27

Table 21 The same as in Table 17, but with the minimal number of
singlets under the SM gauge group n,c = 3, ng = 2, ny = 1 and
ng =2

Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
17 67 1 17
z(Ky) % - @ ﬁ - @
11 23 133 71
z2(Ky) 7 5 316 ~ 108
1 65 11 35
72(K3) - % - R 574 R
. 13 10 7 5
<) 18 7 7 i
7 1 7 11
«K 7 o8 e 7
2 11 49 89
<) K 216 108 216
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Table 22 The same as in Table 17, but with the minimal number of
singlets under the SM gauge group n,e = 5, ng = 3, ny = 1 and
ng =2

Scenario 1 Solution 1 Solution 2 Solution 3 Solution 4
4 1
2(K)) = -2 > -2
29 109 19 137
Z (KZ) - ﬁ - m - % - ﬁ
11 5 13 2
<) 216 "3 7 27
. 35 8 7 1
<KD "5 7 18 7
1 55 5 83
2K 5 216 18 216
. 65 7 3] 35
<K 316 108 7 108

Table 23 Values of the U (1)’ charges for the exotic quarks in UuvSSM
models using solution (29) with the hypercharges of Table 4. For each
column, the U (1) charges of the rest of the fields are given in Table 2
and Scenario 2 of Table 3. The minimal number of singlets under the
SM gauge group consistent with these charges is n,e = 3, ng = 2,
nN = 1 and ng = 2

Scenario 2 Solution 1 Solution 2 Solution 3 Solution 4
29 31 37 19
2(K1) = LS = -
36 108 108 108
59 59 277 143
(K - - - -z
2(K2) 72 54 216 108
25 209 25 109
2(Ks) -= ~= -= —
36 216 54 216
19 1 16 23
K¢ _— — -2 _=
() 13 27 27 54
41 91 223 29
K = — i i
2(3) 72 108 216 27
4 155 23 55
K¢ i =2 = 22
2(K3) 9 216 108 216
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Table 24 Values of the U (1)’ charges for the exotic quarks in UuvSSM
models using solution (29) with the hypercharges of Table 4. For each
column, the U (1)’ charges of the rest of the fields are given in Table 2
and Scenario 3 of Table 3. The minimal number of singlets under the
SM gauge group consistent with these charges is n,c = 3, ng = 2,
nN = 1 and ng = 2

Table 27 Values of the U (1)’ charges for the exotic quarks in U vSSM
models using solution (30) with the hypercharges of Case 1 of Table 10.
The U(1) charges of the rest of the fields are given in Table 2 and
Scenario 6 of Table 9. The minimal number of singlets under the SM
gauge group consistent with these charges is nye =2

Scenario 3 Solution 1 ~ Solution2  Solution 3  Solution 4
5 103 35 53
< 36 BT TS T
37 13 11 1
72(K3) 77 5*4 R ﬁ
2 79 47 179
. 7 19 2 13
<D 18 7 7 5
55 53 65 7
7 T TR
8 133 121 233
g 26 108 216

Scenario 6 Solution 1 Solution 2
1 5
K __ B
Z(K) 9 36
5 1
K¢ . —=
z(K<) 6 9
7 7
(D — —
2D 18 18
23 23
]D)C — R
@) 36 36

Table 28 The same as in Table 27, but for the hypercharges of Case 2
of Table 10

A.2 Solutions with exotic quarks K, K¢ and }ﬁ), g

See Tables 25, 26, 27, 28, 29, 30, 31, and32.

Table 25 Values of the U (1)’ charges for the exotic quarks in UuvSSM
models using solution (30) with the hypercharges of Case 1 of Table 10.
The U(1)’ charges of the rest of the fields are given in Table 2 and
Scenario 5 of Table 9. The minimal number of singlets under the SM
gauge group consistent with these charges is n,c =2

Scenario 6 Solution 1 Solution 2
5 61
K e -
Z2(K) 9 108
29 22
K¢ -= -
(K9 36 27
™) 1 1
. 18 27
11 31
De —— -
205 36 108

Scenario 5 Solution 1 Solution 2
1 5
K Z _=
Z(K) 9 36
13 1
(K¢ S ——
29 36 9
7 11
D _ _
z(D) 18 18
5 13
D* = =
«@) 36 36

Table 26 The same as in Table 25, but for the hypercharges of Case 2

of Table 10
Scenario 5 Solution 1 Solution 2
7 83
K _ L =
Z(K) 9 108
¢ 36 27
5 8
D _ _2
2D 18 27
1 5
De — —
2) 36 108

Table 29 Values of the U (1)’ charges for the exotic quarks in UpvSSM
models using solution (30) with the hypercharges of Case 1 of Table 10.
The U(1)’ charges of the rest of the fields are given in Table 2 and
Scenario 7 of Table 9. The minimal number of singlets under the SM

gauge group consistent with these charges is n,c =2

Scenario 7 Solution 1 Solution 2
1 5
K __ .
Z(K) 5 %
5 1
KC —_— —_
(K5 36 9
5 5
D = =
(D) 36 36
@°) - -
¢ 18 18

Table 30 The same as in Table 29, but for the hypercharges of Case 2

of Table 10
Scenario 7 Solution 1 Solution 2
4 25
z(K) 3 108
. 25 13
(K<) 3 -3
7 5
z(D) % ~108
4 11
« K 5
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Table 31 Values of the U (1)’ charges for the exotic quarks in U vSSM
models using solution (30) with the hypercharges of Case 2 of Table 10
and irrational U (1)’ charges. The U (1)’ charges of the rest of the fields
are given in Table 2 and Scenario 4 of Table 9. The minimal number
of singlets under the SM gauge group consistent with these charges is
n,e =3andng =2

Scenario 4 Solution 1 Solution 2
—2342V7 -23-2V7
Z2(K) _— _—
216 216
—31 —-2/7 =314+2V7
2(K°) 7[ 7\/»
216 216
—13 =27 —13+2/7
z(D) —_— —_—
108 108
. ~7+7 -7-1
z(D) _ _
54 54

Table 32 The same as in Table 31, but with the minimal number of
singlets under the SM gauge group n,c = 3, ng = 2, ny = 1 and

ng =2
Scenario 4 Solution 1 Solution 2

&) —23 4+ 24/439 —23 —24/439
. 216 216

&) —31 —2+4/439 =31+ 2+4/439
¢ 216 216

) —13 —24/439 —13 4+ 2+4/439
¢ 108 108

. =7+ /439 —7 — /439
z(D°) —_— _—
54 54
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