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Abstract

We have studied phenomenological implications of several family non-universal U(1)" sub-models in the
U(1)'-extended Minimal Supersymmetric Standard Model (UMSSM) possessing an extra down quark type
exotic field. In doing this, we have started by enforcing anomaly cancellation criteria to generate a number
of solutions in which the extra U(1)’ charges of the particles are treated as free parameters. We have then
imposed existing bounds coming from colliders and astrophysical observations on the assumed sub-models
and observed that current limits dictate certain charge orientations, for instance, Q g, ~ Qp, is preferred
in general and the charge of the singlet Qg cannot be very small (|Qg| > 0.4) even if any of the charges
is allowed to take any value within the [—1, 1] range. We have finally studied the potential impact of such
non-universal charges on Z’ mediated processes and made predictions for existing and future experiments.
It has turned out that UMSSMs with or without the presence of light exotic quarks can yield distinguishable
signatures if non-universal charges are realised in the leptonic sector of such models.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Due to increasing pressure stemming from experiments performed at the Large Hadron Col-
lider (LHC) on the Minimal Supersymmetric Standard Model (MSSM)), that is, the simplest and
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most popular supersymmetric extension of the Standard Model (SM), alternative supersymmetric
scenarios, non-minimal in nature, are under deep scrutiny. Among these models, UMSSMs are
some of the most attractive and best motivated alternatives to the MSSM. Such extensions can
stem from superstring [1] and Grand Unified Theories (GUTs) [2]. As a matter of fact, recently,
these models attracted a great deal of interest in the literature [3—17]. In addition to inheriting the
positive aspects of the MSSM, like resolution to the gauge hierarchy problem [18-20], stability
of the Higgs potential [21-23], unification of the gauge couplings [24] and offering viable can-
didates for Dark Matter (DM), such gauge extended models also offer novel explanations where
certain deficiencies of the MSSM can be cured. This of course happens at the cost of facing
with the additional parameters. In this direction, for instance, in its Supersymmetric versions, a
naturally occurring u parameter around the weak scale can be given as a well known example.

Indeed, on the one hand, having additional particles and parameters diverts one from the mini-
malism (which is not a standard feature of Nature) while, on the other hand, benefits of possessing
additional degrees of freedom can not be overlooked. As is well known, in the MSSM, there is
no reason to force the w term around the weak scale, the so-called p-problem [25]. Contrary to
the MSSM, in U(1)’ extensions of it, an effective u term is present as p = %Xvs, where natural
choices of the Vacuum Expectation Value (VEV) of the singlet (vs) and the Yukawa coupling
(1) automatically yield a value for the problematic u around the weak scale [26-28]. Moreover,
since u depends on two different parameters, we have an enormous freedom in obtaining a value
of the u parameter capable of generating successful Radiative Electro-Weak Symmetry Break-
ing (REWSB). Of course, for the same value of u, different A and v choices onset different
phenomenologies, which should then be studied in detail within these U(1)’ models. This can be
very important, for instance, in so-called secluded U(1)’ models where one has more degrees of
freedom in comparison to the standard U(1)’ models, due to additional singlet VEVs [17,29]. In
addition to these motivations, on the experimental side, there are also hints that flavour physics
in the SM is not adequate to provide an explanation for the non-universal leptonic decays ob-
served by the LHCb Collaboration [30]. Since the experimental results on Rx and Rg» show
tendencies to deviate from the SM prediction (around 2.50), there are many papers where these
observations are explained with a family non-universal Z’ boson. Of course if the universality
is broken, numerous alternatives appear and the origin of the non-universal couplings should be
studied in detail (see, e.g., [31]).

Like in the SM, also in the MSSM quarks and leptons couple universally. In contrast, in
U(1)’ extended versions of both, non-universal couplings can be accommodated. Related to U(1)’
extensions, it should be noted that, by introducing a new gauge symmetry into the model, the
presence of a new massive neutral gauge boson, called Z’, is inevitable and its couplings are
determined by the assumed charges for which the Anomaly Cancellation Conditions (ACCs)
stemming from the additional U(1)" group insertion should be respected. This is usually done by
adding several exotic states to the spectrum [32,33]. However, this is not the only way to satisty
ACCs and one can obtain an anomaly-free supersymmetric U(1)" model without any exotics,
called minimal UMSSM, as was shown by [34]. As can be inferred, one can also select a hybrid
approach in which the presence of the exotic states and non-holomorphic in the Lagrangian terms
can be traded accordingly for flavour non-universality. This work can be categorised as one of
the simplest examples of such a hybrid approach, in which we will scrutinise the possibility of
non-universal U(1)’ charges with an additional exotic quark superfield, 5;, for the UMSSM.

Of course, by having non-universal charges one may end up with dangerous flavour violat-
ing processes, this is especially true for the quark sector, so we restrict our modifications to the
leptonic sector only. As we will see, the freedom of choosing different U(1)" charges will yield
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important modifications in certain sectors of the model, for instance, the additional Z’ boson may
behave very differently and this is important not only from the perspective of theory but it also
has remarkable implications for experiments. As a matter of fact, ranging from extra dimensions
to additional U(1) extensions there are numerous models which predict the existence of a new
gauge boson (the Z’) the properties of which depend heavily on the assumptions related with the
model construction, like its couplings with ordinary matter fields. This additional heavy gauge
boson may be realised in supersymmetric or non-supersymmetric variants of the SM with or
without new exotic particles. Hence, probable unusual behaviours of the Z’ boson is an interest-
ing subject which can give clues as to the structure of the underlying model. This possibility can
be mentioned among one of our main motivations for this study.

Briefly, in this paper, we will study a supersymmetric U(1)’ model with an additional exotic
field with non-universal U(1)’ charges in the lepton sector. In doing this we first aim at finding the
possible charge configurations which satisfy not only the ACCs but also experimental low energy
constraints. This provides us with numerous well-motivated U(1)’ sub-models which give new
and different signals for the detection of the extra Z’ at a time when no experimental confirmation
of its existence does exist yet. Since its couplings are not known either, we will especially search
for non-universal charges (with additional U(1)’ charges only in the lepton sector, as intimated)
in order to probe how many degrees of freedom actually exist for such a scenario. It is then easy
to deduce that the presence of non-universal couplings in the leptonic sector allows for differing
Z' decay rates in comparison to universal charges, so that this is very important for Z’ searches,
in both setting limits and extracting signals, as all of the latter are obtained room the neutral
Drell-Yan (DY) channel. As a by-product of our study we will thus be able to see if a preferred
theoretical charge configuration is testable experimentally, in a bottom-up approach that will
seek evidence of the new Z’ state precisely from its signals involving the other new features of
the model, i.e., the coloured exotic states and the anomalous leptonic couplings. In fact, we will
investigate the potential signatures of the exotics and the non-universality of the U(1)’ charges at
both hadron and lepton colliders, both present and future ones.

The outline of the rest of the paper is as follows. In the Section 2 we will introduce the ACCs
and other salient features of our model. After summarising our scanning procedure and enforcing
experimental constraints in Section 3, we present our results over the surviving U(1)’ charges
and discuss the corresponding particle mass spectrum and Z’ production and decay modes in
Section 4. Finally, we summarise and conclude in Section 5.

2. The model

In this section we will present the salient features of our model, which includes an extra
Abelian group. In fact, the model extends the MSSM gauge structure with an extra U(1)" sym-
metry that can arise from any possible string or GUT theory [4,10].

The superpotential in the model allows Yukawa couplings for the quarks and third family
leptons as well as couplings for the exotic fields given by

~
~~ =

W=h,0 -HU+hgQ-HyD +heLs- HiE3 +ASH, - Hy +hyL - H,N +«SD, Dy,
@2.1)

where Q and L3 denote the left-handed chiral superfields for the quarks and third family leptons
while U, D, E3 and N stand for the right-handed chiral superfields of u-type quarks, d-type
quarks, 7-type leptons and neutrinos, respectively. Here, H, and H; are the MSSM Higgs dou-
blets and 4, 4 ; are the Yukawa couplings to the matter fields. Then, A, is the Yukawa coupling
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Table 1
Gauge quantum numbers of quark (@, 17, 5), lepton (Z,-, ﬁ,-, E,-), Higgs (ﬁ,,, ﬁd) and exotic quark (D\X,Bx) super-
fields. The index i runs over three families of left- and right-handed leptons and right-handed neutrinos.

Gauge group/Field O U D L; N; E; H, Hy S Dy Dy
SUB)c 3 3 3 1 1 1 1 1 1 3 3
SU®2). 2 1 1 2 1 1 2 2 1 1 1
Uy e 23 13 —1/2 0 1 1”2 —12 0 Yo, —Yp,
Uy Qp Qu ©Qp Qi Ov, Qr QH, QH; Qs @Qp. Qp,

~

responsible for generating neutrino masses. Additionally, D., Dy and § are chiral superfields
while S is a singlet under the MSSM group and its VEV, (S) = vy/+/2, is responsible for the
breaking of the U(1)" symmetry. The MSSM bilinear mixing term wuHyH, is forbidden by the
U(1)Y invariance and is induced by (S) and its Yukawa coupling A as pegr = Avy/ V2 (e., an
effective u term).

As seen from Eq. (2.1), for the ACCs in the model with family non-universal U(1)’ charges,
some of the Yukawa couplings are forbidden in the superpotential. This results in massless
fermions. However, without any anomalies, the non-holomorphic soft supersymmetry breaking
terms involving the ‘wrong’ Higgs field can lead to fermion masses at one loop by gluino or
neutralino exchange [34]. The non-holomorphic terms in this model can be written as follows

_gNH:chf,lHuEerTlil:zHulfg—i-h.c. (2.2)

The fields in Egs. (2.1) and (2.2), together with their quantum numbers, are listed in Table 1.
Also, the most general holomorphic Lagrangian responsible for soft supersymmetry breaking
with the exotic sector is

~Lsofi = Y Mahara — TiASHyHy — TyhyU° QH, — Tyha D°OHy — Tehe EsL3 Hy

a
—TkSDD, + h.c.
+m3, | Hal* +my, | Hal* + m3|S1* + mby Q0 +my, U U +m7, DD
+miLL +m%2E°E +m3% Dy D, + m%D,Dy +h.c., (2.3)
where m 5, mg, My, Mg, Mj, MH,, MH,, Mg, MX and m j; are the mass matrices of the scalar

particles while M, = M1, M», M3, M4 stand for the gaugino masses. Further, T), 7, Ty, T; and
T, are the trilinear scalar interaction couplings.

2.1. Anomalies

It is important to study ACCs [35] even for low-energy theories which are regarded as “only”
Effective Field Theories (EFTs). In addition to cancellation of gauge and gravity anomalies, the
U(1) charges of the fields must respect gauge invariance. By setting Q g, + Q p, # 0 the bare
term is forbidden and gauge invariance of the superpotential implies

0=0s+0n,+Q0ny, 2.4
0=0s5s+0p, + 05, (2.5)
0=0¢+ Qn, +Qu, (2.6)
0=Q00+ Qn,+0On. .7)
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0=01+Qn, + OE, (2.8)
0=Q0r+0n, +On. (2.9

In this work, we assume the charge of the exotic quatk Qp  to be the same as Qpy, for
simplicity. When non-universal charges are considered the above equations are subject to ad-
ditional ramifications in accord with the Yukawa textures present in the theory. For the model to
be anomaly-free, the vanishing of U(1)'-SU(3)¢-SUB)¢, U(1)-SUR).-SUR) ., U1)-U(1)y-
U(1)y, U(1) -graviton-graviton, U(1)’-U(1)’-U(1)y and U(1)’-U(1)’-U(1)" anomalies should be
satisfied, that is, the U(1)’ charges of fields must obey the following ACCs:

0=32Q¢+ Qu+Qp)+np,(@p, +0p,), (2.10)
0=33Q0p+ QL)+ Qny + Oun,. 2.1D
0=3(; 00 +50p + 500 + 301+ 08) + (2, + Qi)

+3np,Yp (Qp, + 0p). (2.12)
0=3(600p+30u+30p+20.+ 0+ 0OnN)+20H, +20H,

+ Qs+ 3np,(Qp, + 0p), (2.13)

0=3(Q% + 0h —20y — 01 + Q%) — OF, + @, +3np,Yp,(Qh, — 0% ), (2.14)
0=3(607 +30} + 307, +20] + 0} + O3) +203;, +20}, + 03
+3np,(Qp, + 03 )- 2.15)

From the above equations one can easily extract the related conditions for non-universal
charge selections affecting solely the leptonic sector. As is well known, quark charge deviations
from universality may yield results with dangerously large Flavour Changing Flavour Current
(FCNC) predictions. However, when non-universality is allowed only for leptons the problem is
not that severe.! Additionally, non-universal leptonic charges may bring desired predictions for
recently discussed B-anomalies [36,37].

By using the presented equations, it is easy to get family dependent conditions simply by
replacing 3Q; with X; Q;, terms where L; stands for any family of the leptons (L, E, N). It
is timely to now state that, in our construction, we have taken np_= 3 colour triplet pairs with
hypercharge Yp_ = —1/3. Also, it is appropriate to explicitly show our selections for the Yukawa
couplings in the soft breaking terms in Eq. (2.2).

As can be inferred from the ongoing discussion, while the quark sector is untouched, we
demanded the masses of the electron and muon to come from non-holomorphic terms. With this
choice, gauge invariance conditions are fulfilled as follows:

0=0r,+0n, + 0k (2.16)
0=01,+0n, + 0k, (2.17)
0=0r,+ Qn, + OF;. (2.18)

! Indeed, we have explicitly checked that 4 — ey and h — eu decays yield Branching Ratios (BRs) well below
current measurements, i.e., less than or of order 10_30, which are then not in contradiction with experimental bounds
(see, for instance, [38,39]). This mainly stems from the fact that off diagonal entries of our leptonic Yukawa matrix are
very small quantities.
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Similarly, for the neutrinos we resort to the following conditions:

0=01,+Qn, + 0On, (2.19)
0= QLz + QHd + QN2 (220)
0=01y+ Qn, + On;- (2.21)

This setup enabled us to obtain numerical solutions for which we used a simple computer
script yielding around 80 different solutions (the aforementioned sub-models) when Qnax = 10.
Of course, larger solution sets can be obtained when Qwmax is increased. It is easy to obtain nu-
merical solutions for instance even when Qpax ~ 10%. When OwMax 1s large, actual physics does
not differ since the extra gauge coupling is also scaled. However, extremely large values of Omax
force the gauge coupling to be extremely small when they should not be smaller than the gravi-
tational coupling. Besides this, when Q is allowed to be very large, since solution sets are also
enlarged, covering the emerging solutions (i.e., sub-models) can be problematic computationally.
Hence, during numerical investigation we allowed the absolute value of any of the charges to be
as large as 10 and scanned integer values satisfying all the equations of this subsection. Follow-
ing this, we normalised all the solutions to 1. This approach enabled us to keep the extra gauge
coupling g’ ~ 0.41 at the weak scale. Our solutions are to be presented in visual format in the
following sections.

2.2. The exotic sector

As mentioned, the presence of the exotics helps to satisfy ACCs. Beyond this, however, many
theories predict their existence and their detection may be possible in the following years if they
couple to known particles. Neither their existence nor their couplings are known yet, but we
should study their properties under certain assumptions. In Eqgs. (2.1) and (2.3), D, and D, are
exotic fermions with same charges as the down quarks. They are colour triplet and vector-like
with respect to the MSSM, but chiral under the U (1)’ symmetry. These exotics are similar to the
ones discussed in the context of E¢ gauge groups [40] but they interact only with S and cannot
mix with SM fermions in this model. The presence of the exotic fermions is required by ACCs
but it is not obligatory as was shown for the minimal U(1)" extension in [34]. Alternatively, one
can also assume the presence of the exotics such that they are very heavy and can be integrated
out from the particle spectrum while their imprints should be preserved for ACCs. However, in
this work, we assumed that the exotic quarks exist in the particle spectrum and can be light. As an
experimental bound, they are expected to have masses larger than 1 TeV [41]. In fact, the exotic
quarks D /D, in this model behave like long-lived or stable particles as they cannot couple to
SM fermions at tree level. So, they do not have any decay modes to SM fermions. The only
way for interacting with SM particles is via mediation of y, Z, Z’ and gluons. Unlike the exotic
quarks, their scalar partners can decay into gluons, neutralinos and exotics in a short time.

We selected « to be responsible for the masses of Dy and D,.. Thus, the mass of the exotic
fermion can be written as follows:

mp, = %vs/c. (2.22)
Furthermore, the mass squared matrix of the supersymmetric partners of the exotics can be writ-
ten as follows:
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2 mZDL %(ﬁvSTK — vdvu)uc) 223
Dy — %(ﬁvST,{ — vdvu)uc> m%f ’ .
where
m, = 1—121(6g’2QDX (Quv3+ 0nv2 + 05u3) + g3 (—v2+1))
+- (2m 2 402 ) (2.24)
= E1(6 205, (Qnvd+ 0} + 0s03) + gt ( —vi +22))
+ %(2m§( +03e?). (2.25)

2.3. The Z' boson

Besides the singlet S and its superpartner in the UMSSM, the additional U(1)" symmetry
introduces a new vector boson, Z’, and its supersymmetric partner, B'. After the breaking of the
SU2) x U(l)y x U(1) symmetry spontaneously, this new boson can mix with the Z boson.
The Z — Z’' mass matrix, that gives the physical mass eigenstates, is as follows:

2 2 2 2 2 / 2
M2 _ M M 7 >=< Zgl Zit3i|<¢i>| Zglg Z[t3iQi|<¢i>| >, 2.26
z <M2 mi, ) =\ ogg Simoilon? 202 02l l ) 0

zz'
where 73; is the weak isospin of the Higgs doublets or singlet while the |(¢;)|’s stand for their
VEVs. The matrix in Eq. (2.26) can be diagonalised by an orthogonal rotation and the mixing
angle oz can be written as
2M2,
ZzL (2.27)

2 2
MZ’Z’ - MZZ

tan 20[ZZ/ =

The physical mass states of the Z and Z’ are given by

1
2
M3z, = 5 |:MZZ + MZ/Z/ + \/(M%Z - Z’Z’) +4M :| (2.28)

The EW Precision Tests (EWPTSs) put a strong bound on the |« | value to be less than a few
times 1073 [42]. The most stringent lower bound on the Z’ mass has been set by ATLAS in the
di-lepton channel [43] while there is no specific bound on the mass of its supersymmetric partner
B'. Furthermore, the couplings of the Z’ boson to fermions are related to their currents described
by Lagrangian and written as

T =" fiy el PL+ ep PRI,
i
lew - .
=5 > fivtigh — ghv1fi. (2.29)
i

where f; is the field of the i*" fermion and 62’ g are the chiral couplings, which are the U (1)’
charges of the left and right handed components of fermion f;, respectively. In addition, gi) .=
ei + eﬁe are the corresponding vector and axial couplings [10]. In writing Eq. (2.29), we neglect

7



Y. Hicyilmaz, S. Moretti and L. Solmaz

Nuclear Physics B 970 (2021) 115495

the mixing between the Z and Z’ bosons because of the stringent experimental bound from

EWPTs.

2.4. The neutralino sector

Given the absence of any new charged gauged bosons in the UMSSM, the chargino sector
remains the same as that in the MSSM. However, due to the mixing of B’ and the fermionic
partner of S with the MSSM gauginos and higgsinos, the UMSSM has a rich neutralino sector
B W, Hu, Hd, S) basis as

with six such states. Their masses and mixing can be given in the (B’, B

follows:
M 0 0 g 0nva  &'0mve & QOsvs
1 1
0 M, ——=g1vy —=&IV 0
V2 V2o
1 1
0 0 M2 —82V4 ——=&20 0
V2 V2i
Mo = "On,v ! v ! v 0 1/\v 1Av ’
8 OH/Va ——=&1Vd —=&2Vd —-—— -
¢ V2 V2 NN
1 1 1 1
g'On,v —8&1V —gov ———=AVg 0 ——=AVg
SV, SV V2
1 1
g'Osvs 0 0 ——\v ——Aug 0
V272
(2.30)

where M| is the mass of B’ after REWSB and the first row and column encode the mixing of

B’ with the other neutralinos. Additionally, the sfermion mass sector also has extra contributions
from the D-terms specific to the UMSSM. The diagonal terms of the sfermion mass matrix are
modified by

A= %g’Qf(QHu v2 + QO v3+ Qsv3), 2.31)
where f refers to sfermion flavours [44].

As can be seen from the given equations, in U(1)’ models extra charges play a crucial role
in determining the properties (and, hence, the manifestations) of the additional particles. In a
top-down approach, one can take these charges to be given (Eg models can be mentioned as
an example within this context) and study phenomenology. Alternatively one can also follow a
bottom-up approach and try to find preferred values by the charges from existing experimental
data. In the following section, we will follow the second procedure, which is therefore also
serving the purpose of informing model building of a more fundamental theory embedding our
UMSSM constructions, wherein U(1)’ charges are predicted.

3. Scanning procedure and experimental constraints

In our work, we have employed the SPHENO (version 4.0.0) package [45] obtained with
SARAH (version 4.14.3) [46—48]. Through this package, all gauge and Yukawa couplings at
the weak scale are evolved to the GUT scale that is assigned by the condition of gauge coupling
unification, described as g| = g» = g’ &~ g3. g3 is allowed to have a small deviation from the ab-
solute unification condition as it has the largest threshold corrections around the GUT scale [49].

8
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Table 2

Scanned parameter space of the UMSSM.

Parameter Scanned range Parameter Scanned range
mo [0,9] TeV T [—2.5,2.5] TeV
My [0,9] TeV Ty [—2.5,2.5] TeV
tan 8 [1,50] vg [5,45] TeV

A [0.01,0.4] T, [—2,2] TeV

K [0.01,0.8] T/L [—2,2] TeV

To [—3mg, 3mo]

It is important to note that SPHENO guarantees the gauge coupling unification with the small
deviations of g3. Upon evaluating all model parameters after Spontaneous Symmetry Breaking
(SSB) along with gauge and Yukawa couplings back to the EW scale, the program calculates the
spectrum at the low scale for the boundary conditions given at Mgyt. These bottom-up and top-
down processes are realised by running the RGEs. In the numerical analysis, we have performed
random scans over the following parameter space of the UMSSM given in Table 2, where my is
the universal mass of the scalars while My, is the universal mass of the gauginos at the GUT
scale. Besides, Ty is the trilinear coupling and tan 8 is the ratio of the VEVs of the MSSM Higgs
doublets. Furthermore, 7, and 7 are the SSB strengths of the SH, H; and SD, D, interactions.
Finally, also the A and k couplings as well as vg, that is the VEV of S, are varied.

In the scanning of the UMSSM parameter space, the Metropolis-Hasting algorithm [50] is
used. After data collection, we implement Higgs boson and sparticle mass bounds [51,52] as
well as constraints from BRs of B-decays such as BR(B — X;y) [53], BR(B; — utu™) [54]
and BR(B, — tv;) [55]. We also require that the predicted relic density of the neutralino LSP
agrees within 20% (to conservatively allow for uncertainties on the predictions) with the recent
Wilkinson Microwave Anisotropy Probe (WMAP) [56] and Planck results [57,58], Qcpmh? =
0.12. The relic density of the LSP is calculated with MICROMEGAS (version 5.0.9) [59]. The
experimental constraints can be summarised as follows’:

mp, =122 — 128 GeV,

mg > 2 TeV,

0.8 x 1072 <BR(B; » utpu™) <6.2 x 1072 (20 tolerance),

my+ = 103.5 GeV,

mz > 105 GeV, G.D
2.99 x 107* < BR(B — X,¥) < 3.87 x 10~* (20 tolerance),

0.15 < BR(B; — tvr)umssm
BR(B, — tvy)sm
0.0913 < QCDMh2 < 0.1363 (50 tolerance).

<2.41 (30 tolerance),

In addition to all constraints given in Eq. (3.1), we have also applied the current Z’ mass bounds
from the o (pp — Z’ — 1) and o (pp — Z' — jets) channels, where [ = e, u and the hadronic
final states do not include top (anti)quarks. The cross section values for the given processes at the
LHC and a future e*e™ collider have been calculated by using MG5_AMC (version 2.6.6) [60]

2 Here, h is the lightest CP-even MSSM Higgs state.
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107!

= CMS Observed Limit, \/5 = 13 TeV.

\ Py

oBA [ph)

M [TeV]
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Fig. 1. The Z’ boson mass limits on o (pp —Z’— Il) vs M (left panel) and o (pp —Z’— jets) vs M (right panel),
where [ describes electron and muon while jets refer to contributions from both the SM and exotic quarks. All points
plotted here satisfy all experimental constraints given in the previous section. In the right panel, we have additionally
applied the Z’ mass constraint from the left panel.

along with the Leading Order (LO) set of NNPDF Parton Distribution Functions (PDFs) (version
2.3) [61].

4. Results

In this section we present our results in the light of the experimental constraints from the
previous section. First, let us focus on the mass limits of the Z’ boson from direct searches. Fig. 1
shows the comparison of the experimental limits on the Z’ boson mass and its cross section as
obtained from direct searches in the processes pp — [l at £ = 137 fb~! [43] with full acceptance
and pp — jets with experimental acceptance A = 0.5 at £ = 137 fb~! [62] as well as £ =27
fb~! and 36 fb~! [63]. All points plotted here satisfy all experimental constraints given in the
previous section. According to our results, in the left panel, we find that the Z’ boson mass cannot
be smaller than 4.5 TeV in the light of the ATLAS di-lepton results [43]. Furthermore, as can be
seen from the right panel, the ATLAS results on the Z’ — jets channel do not put any further
limit on the Z’ mass, as in the right panel we have additionally applied the Z’ mass constraint
from the left panel. It is important to note that our solutions also include contributions to the
jet cross sections of the exotic quark D, as well as SM quarks. In the remainder of this work,
therefore, we use the Z’ boson mass allowed by all Z’ direct searches in the di-lepton channel as
being My > 4.5 TeV.’

Fig. 2 depicts the U(1)" charge sets satisfying various theoretical and experimental bounds.
The grey points correspond to configurations compliant with ACCs, REWSB and a neutralino
as the Lightest Supersymmetric Particle (LSP). The green points form a subset of the grey ones
as they also satisfy all the experimental constraints from Section 3, i.e., the exotic mass limits,
the constraints from the rare B-decays and the bound on the relic abundance of the neutralino
LSP. Red points instead form a subset of the green ones as they are also compatible with the
Z' boson mass bounds from direct searches shown in Fig. 1. As can be seen from the top right
panel, while ACCs allow a relatively large solution set, when all constraints are applied, charges

3 Note that the T z1/Mz ratio for our population of points is never larger than a few percent, so the factorisation
procedure adopted by ATLAS and CMS in terms of cross section times BR (o B) is applicable to our model.
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Fig. 2. The distributions of the U(1)’ charges allowed by various theoretical and experimental conditions over the fol-
lowing planes: Qp, — QHd’ 00— 05, Qe — Qpuy and Qe — Opp - All points are consistent with REWSB, ACCs
and neutralino LSP. Green points are a subset of the grey ones as they also satisfy all experimental constraints from
Section 3. Red points are a subset of the green ones as they are also compatible with the Z’ boson mass bounds in Fig. 1.
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

are restricted to certain regions, e.g., the —0.5 < Qp,, On, < 0.5 domain is favoured but there
is no solution in which these two charges may have opposite signs. Also notice that these charges
are always far away from zero (for both of the symmetric solutions) since Qs = —(Qp, + QH,)-
Furthermore, it can easily be read, from the top right panel, that the lower limit on | Q 5| should be
~ 0.4 after applying all theoretical conditions and experimental constraints. It is also important
to note that ACCs allow the Q¢ charge to be in a narrow interval, as —0.25 < Q¢ $0.25. In
contrast, according to the bottom panels, leptonic charges are allowed to take a wide span of
different values. As we expected, in all panels of this figure, the charge patterns corresponding to
the grey points are symmetric, while those also corresponding to the green and red ones are not.
It is then clear that this symmetry at the theoretical level is lost when applying constraints from
experimental observables, unsurprisingly, as interference effects are not negligible in many of
these. This will have bearings on the construction of the fundamental theory behind the UMSSM
wherein charges are predicted.

As a next step, we studied the Z’ decay modes in presence of exotic quarks lighter than
M7/ /2 and non-universal leptonic charges. In Fig. 3 we present BRs of the Z’ for different decay
channels, BR(Z' — X X), where XX = WW, Il (now including tauons), g¢ (now including top
(anti)quarks), vv and D, D, (left panel), and individual leptonic channels, BR(Z' — II), where
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Fig. 3. The BRs of the Z’ for different decay channels, BR(Z’ — X X) as a function on M, (left panel) and BR(Z" — 1)
as a function on M (right panel), where X X represents all two-body final states while // describes individual leptonic
final states.

I =e, pu, T (right panel), as a function of Mz . Our colour convention can be read from the figure.
As can be seen from the left panel, BRs of the decays into exotic quarks can be as large as ~
30 % in our U(1)’ model, a fact that should not be overlooked in future searches for Z’ states.
Similarly, when non-universal charges are significantly different from each other, Z’ decay rates
into electrons, muons and tauons may in turn be different as can be seen from the right panel,
which may also have important experimental implications in not only Z’ boson searches but also
generic di-lepton measurements. We will dwell on these two aspects later on.

A portion of the particle mass spectrum is presented in Fig. 4. As can be seen from the
top left panel, stop and sbottom masses are heavy in general and one can extract a ~ 3 TeV
lower mass limit. In contrast, the mass of the exotic quarks can be as light as 1.1 TeV, while
the exotic scalar masses should be larger than 2.5 TeV. According to the bottom panels, the
LSP, i.e., the neutralino DM, is relatively heavy as 1 TeV < m 70 < 1.3 TeV. Furthermore, due

to relic density constraints, the lightest neutralino and lightest chargmo are very degenerate in
mass. Such solutions can be seen for Higgsino-like LSP cases where not only the lightest neu-
tralino but also the lightest chargino get their masses from Higgsinos. These solutions favour
the chargino-neutralino coannihilation channels which reduce the relic abundance of the LSP,
such that the latter can be consistent with experimental bounds. In addition to these, since it
has a potential to put constraints on the leptonic non-universal charges, we also looked for the
R=BR(B— s utu")/BR(B — s ete™) predictions of our model. For this aim, we used the
filtered points passing all tests and we observed that our models R prediction does not deviate
from the SM one sensibly, differing by 3 — 4% at the most.

4.1. Collider signatures

We now investigate the observability of the exotic quarks and non-universality of the U (1)’
charges at present and future colliders. As we will see, the Z’ decays are important to facilitate
observation of both sectors. Exotic quarks mainly interact with gluons and Z’ at the tree level
while their couplings to the Z boson are extremely suppressed by the Z — Z’ mixing angle.
Furthermore, due to the non-universal leptonic charges, the cross sections of lepton pair produc-
tion for each flavour may differ, owing to the different Z’ mediation. First, we start with hadron
colliders. Then, we move on to lepton machines.

12



Y. Hi¢yilmaz, S. Moretti and L. Solmaz

m;, [TeV]

myg [TeV]

Nuclear Physics B 970 (2021) 115495

mp [TeV]

my: [TeV]
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and scalar) states over the following planes: m; —mgz, mp, —m; ,m_o —m_o and m o —m .+ . The colour convention
b x X X X1 X1

is the same as in Fig. 2.
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Fig. 6. The production cross sections of electron pairs (left panel) through the Z’ at the HL-LHC, HE-LHC and
VLHC/FCC-hh and the ratio of the BRs of Z' — uu and Z’ — 77 relative to that of Z’ — ee (right panel).

Fig. 5 shows the pair production® cross sections of exotic quarks D, through the Z’ (left
panel) at the High-Luminosity LHC (HL-LHC) [64,65], with /s = 14 TeV, High-Energy LHC
(HE-LHC) [66], with /s = 33 TeV, and Very LHC (VLHC)/Future Circular Collider in pp mode
(FCC-hh) [67,68], with 4/s = 100 TeV. Among the red points presented in Fig. 2 we filtered the
relevant points allowing Z’ decays to exotic quark pairs only while the colour bar displays the
mass of the relevant Z’ boson. (Notice that, the same points are also used in Fig. 6.) Clearly, given
the luminosity foreseen at the three machines, of 3, 15 and 30 ab—1, respectively, the (resonant)
process pp — Z' — Dy Dy, carrying information about the underlying structure of the UMSSM,
can produce a sizable number of events. However, these will be overwhelmed by not only Dy D,
production via QCD but also bb and ¢t events from the SM, as all such processes would produce
similar hadronic final states. This is made clear by the right panel of the figure, e.g., at the current
LHC energy of 13 TeV. The colour coding identifying the various processes can be read from the
legend of the panels.

In Fig. 6, we probe the observability of flavour non-universality at, again, the HL-LHC, HE-
LHC and VLHC/FCC-hh. The panel on the left depicts signal cross sections of electron positron
pair creation via a Z’. The panel on the right shows muon (x = 1) and tauon (x = 7) BRs divided
by the electron (e) one, from which one can infer that the BRs into muons and tauons can be 10
times larger or smaller than that into electrons. While this prediction is very significant, due to
overall value of the signal cross sections, it is not very probable to see such a difference at 14 or 33
TeV, while there could be some chances of probing it at 100 TeV, given the aforementioned values
of luminosity at these machines. Again, the colour coding identifying the various processes can
again be read from the legend of the panels. Also, the population of points used in this figure is
the same as in the previous one.

Next, we investigate both sectors, the exotic and leptonic one, of the UMSSM at the Com-
pact Linear Collider (CLiC), which is a concept linear collider for electron-positron collisions
[69,70]. This is proposed to be built at CERN and foreseen to reach up to 3 TeV in Centre-of-
Mass energy (Ecy) in the final stage of operations [71]. In this analysis, to illustrate the scope
of this e*e™ machine, we use two BPs having similar Z’ and exotic masses but different U(1)’
charge configurations, as shown in Table 3. Even if the direct observation of any potential Z’

4 Notice that single production of exotic quarks at the LHC is impossible as they cannot mix with SM fermions.
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Table 3
U(1) charges, Z’ and exotic quark masses for two Bench-
mark Points (BPs) of the UMSSM: BP-I and BP-II.

Parameters BP-1 BP-11

Op 0.156 —0.125
Qv 0.373 0

Op 0.313 —0.25
0r, 0.071 0.875
oL, —0.36 0.25

QL3 —0.12 —-0.5

on, 0.45 -1

on, 0.89 —0.375
(Y 0.65 0.375
OF, —0.6 —0.75
Ok, —0.17 —0.125
QE3 0.59 0.125
OHm, —0.53 0.125
QHd —0.47 0.375

Os 1 —-0.5
Op, —0.53 0.125
QEX —0.47 0.375
My 5388 GeV 5452 GeV
mp, 1362 GeV 1386 GeV

boson is not possible at CLiC, due to its lower mass bound from the LHC, in the suitable kine-
matical conditions, its impact on both quark and lepton pair production through electron-positron
collisions can be detected indirectly.

In Fig. 7, we show the cross section for quark pair production (the leading contribution to
eTe~ — jets) versus the CLiC collision energy with three different model configurations, SM,
SM + Z' and SM + Z’ + exotic quarks, for BP-I (left panel) and BP-II (right panel). For both
BPs, it is clear that, as soon as Ecy =~ 2mp,, the hadronic final state always sees a significant
increase of the cross section, well beyond the expected theoretical and experimental uncertainties.
Furthermore, for BP-1, this happens without any significant contributions of the Z’ (as the SM
and SM + Z’ cross sections coincide throughout), while for BP-II the situation is opposite (since
the SM and SM + Z’ cross sections differ throughout). Quite remarkably, in the latter case, the
Z' presence manifests itself via a large negative interference between the y, Z and Z’ channels,
as can be expected by inspecting the charge configurations given in Table 3.

Additionally, the non-universality of the leptonic charges mainly affects the Z’ decay modes
to each lepton flavour as discussed in Section 4. So, the Z’ contribution to lepton pair produc-
tion, ff — [l is expected to be different for each family. Let us analyse this contribution. The
amplitude-squared of the generic lepton pair production can be written as

+

IM;i (ff— €7) P~ F(s;v,a) + G(s; v, a) 4.1
where F(s; v,a) and G(s; v, a) are given by [72]

(v({ vg +a,{ ag) (vé vfg +a(lx a/lg)

F(s;v,a)=2 - : ,
gﬂ: (S - MO% +1Mara)(s — Mé +1Mﬁrﬁ)

4.2)
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Fig. 7. The predicted cross section for quark pair production versus collision energy at CLiC in the case of the SM, SM +
Z' and SM + Z' + exotic quarks for BP-I (left) and BP-II (right).

Table 4
The vector and axial couplings of the Z’ boson to leptons with family non-universal U (1)" charges for BP-I and BP-II
together with the values of the F;; and Gj; functions introduced in Eq. (4.4).

UeZ/ an, U;/ ag/ UE/ a;/ Fee Gee f—'uu guu Fre Gre
BP-1 —0.53  0.67 —0.53 —-0.19 046 —0.71 0.53 050 0.23 —0.14 053 047

BP-II  0.125 1.625  0.125 0.375 —-0.375 —0.625 7.05 0.16 041 0.038 141  0.19

T f
(v({; aé‘ + vg ag) (v(lx all3 + v/l8 a‘lx “3)

G(s;v,a) :22

o7 s — M2 +iMgTy)(s — Mé +iMgTp)’

where vO{; and aO{’fg are the vector and axial couplings and the o and g are the intermediate
vector bosons i.e. y, Z and Z'. Here, /s = Ecpy and Ty, g 1s the total decay width of the vector

bosons. The contributions of the Z’ to the amplitude-squared of ee — [I are proportional to:

Fir = W5l +asas) (v, gl +alal),
Gu = (v%asy + v5as) (vha, +vlal). (4.4)

The values of the le,, alZ, couplings as well as the F;; and G; functions for BP-I and BP-II are
given in Table 4. Fig. 8 shows the ratio of the lepton pair production cross section predicted in the
UMSSM with respect to the SM one for electron, muon and tauon pair production as a function
of the collision energy at CLiC for BP-I (left panel) and BP-II (right panel). As can be seen from
the figure, the differences amongst the normalised cross sections for ee, uu and Tt production
can be very significant, again, beyond theoretical and experimental uncertainties. Like in the case
of the hadronic cross sections, also for the one of the leptonic ones, the different trends can be
ascribed to the different leptonic charges entering the Z’ and (marginally, through the Z — Z’

mixing) Z contributions.
5. Conclusions

In this paper, we have studied potential effects of family non-universal U(1)" charges emerg-
ing in an UMSSM containing exotic coloured states, fermionic and scalar, onto observables at
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Fig. 8. The ratio of the predicted cross section for electron, muon and tauon pair production in the UMSSM relative to
the SM values as a function of the collision energy at CLiC for BP-I (left) and BP-II (right).

colliders, both present and future ones. We have done so after implementing both theoretical
and experimental constraints. The former include the request of satisfying ACCs, generating
successful REWSB and yielding a neutralino as the LSP. The latter include relic density, B-
physics and collider bounds. While the theoretical conditions imposed allows for a symmetric
distribution of such charges, wherein Qy, ~ Qp, is preferred and Qg cannot be very small
(these are the doublet and singlet charges), the enforcement of the experimental ones renders
the eventual solutions significantly different with a noticeable loss of symmetry. Nonetheless,
the surviving charges produce UMSSM configurations inducing phenomenological manifesta-
tions that could be probed at high energy accelerators presently discussed as successors to the
LHC.

These include both hadronic (HL-LHC, HE-LHC and VLH/FCC-hh) and leptonic (CLiC)
machines and the smoking-gun signatures to be pursued are final states capturing either the pres-
ence of the exotic states (i.e., hadronic ones) or that of electron, muons and tauons (i.e., leptonic
ones) in proportions different from those predicted by the SM, possibly exploiting Z" mediation,
as interactions of the new U(1)’ gauge bosons with such objects would carry key information
about the underlying structure of the UMSSM. Following our numerical investigations, we have
shown that a future e™e™ machine operating well beyond the TeV scale would be the ideal lab-
oratory almost free from backgrounds to test this dynamics while future pp ones would suffer
from limitations connected to either small signal cross sections or overwhelming QCD noise.
In practice, the study of the processes ete™ — hadrons and ete™ — ff, where f =e, u, 7,
could result in the possibility of extracting the parameters of both the exotic and leptonic sector
so as to guide the formulation of the true theory yielding the UMSSM as its low scale manifes-
tation.
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