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Abstract. Supersymmetric models augmented by U(1)’ gauge symme-
tries resolve some of the outstanding problems in MSSM, such as the p
problem. Unfortunately collider phenomenology in such models is hin-
dered by the stringent limits from the ATLAS and CMS collaborations
on the Z’ boson mass. We explore possibilities of lowering the mass in
either leptophobic models, by employing kinetic mixing, or in models
with non-universal U (1)’ charges, where the Z’ boson does not couple
either to the first two generation quarks, thus lowering its production
cross-section, or to the first two generation leptons, thus lowering its
di-lepton branching ratio. We verify consistency of these models with
dark matter bounds and indicate the most promising signals at the
collider.

1 Introduction

While the standard model (SM) of particle physics is one of the most successful
theories, predicting a large number of subatomic processes based on a few fundamen-
tal parameters and basic symmetries, some outstanding issues still remain. Among
these, dark matter and neutrino masses are perhaps the best experimental evidence
of phenomena not predicted by the SM. Supersymmetry, in its simple form (the min-
imal supersymmetric standard model-MSSM), provides an answer to the former but
not to the latter. Introducing a right-handed neutrino (and its scalar partner), thus
enlarging the particle content of MSSM, and relying on the seesaw mechanism, would
solve both problems.

But what about true unification of strong and electroweak forces? That is, instead
of having the SM symmetry based on SU(3). ® SU(2);, ® U(1)y, there would be a
single symmetry group at a high energy scale, broken down at some lower scale to
the SM (or MSSM) symmetry. It turns out that, when we try to construct a group
which contains the SM as its subgroup, it is more difficult to reduce the rank of
the extended group containing the SM than it is to break its non-Abelian gauge
groups [1]. Extended groups, referred to as grand unified theories (GUT), have to
have rank higher than 4, with SO(10) and Es being the most popular choices [2].
Breaking these groups always involves (at least) one additional U(1)" gauge group.
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U(1)’ groups involve an additional neutral gauge boson associated with the group,
and an additional singlet Higgs boson S to break the symmetry to that of SM/MSSM.

Introducing an additional U(1)" resolves a long standing problem in MSSM, the
so-called g problem [3]. The p is the off-diagonal Higgs/higgsino mass, which in
principle can be arbitrarily large, but phenomenologically must be of the same order of
magnitude as the soft-supersymmetry breaking terms. In U(1)" models, this problem
is elegantly solved by generating the p parameter dynamically, through the vacuum
expectation value (VEV) of the singlet (S). This VEV triggers breaking of U(1)’, at a
scale expected to be of the same order of magnitude as the supersymmetry breaking
scale. In addition, the new neutral gauge boson associated with U(1)’, assumed to

mix minimally with the SM gauge boson Z, acquires a mass m%, ~ Qig(S )2, where
Q's denotes the charge under U(1)'. Thus, the Z’ mass is also related to this scale.

Of course, the existence of an additional neutral gauge boson has immediately
attracted the attention of experimental groups, as a clearly promising evidence of
physics beyond the SM. However, only disappointment followed detailed searches, as
indeed any other searches for new physics. LHC collaborations have explored various
signal regions for any possible hint of a Z’. The most stringent constraint up to
date is derived from data accumulated at /s = 13 TeV with 139 fb™' integrated
luminosity [4] where high-mass dilepton resonance searches exclude Z' mass (mz)
up to 4.5 TeV. Searches for heavy particles decaying into top-quark pairs yield an
exclusion limit on mz ranging from 3.1 TeV to 3.6 TeV at /s = 13 TeV with
36.1 fb~! integrated luminosity [5], while dijet resonance search limits on my/ are
slightly weaker, mz > 2.7 TeV at /s = 13 TeV with 36 fb~! integrated luminosity
[6]. Thus it is evident that the most stringent constraint on my is derived from its
leptonic decay modes. Z’ mass also plays a role in fine-tuning: a high scale Z’ implies
a high scale U(1)" physics, and an unnaturally high p parameter, as p ~ (S).

In addition, Z’ has been long touted as a portal for dark matter interactions
[7,8], property that a high mass Z’ will render ineffective. Fortunately, there are
ways to evade the mass constraints: one would be to make Z’ decay into di-leptons
zero (leptophobic Z'), the other is to suppress Z’ production (quarkophobic Z').
Reviewing these possibilities is the aim of the present article. As we shall see in the
next sections, leptophobia can be achieved in two ways: universal (that is Z’' does
not decay into any leptons [9-12]), or non-universal (that is Z’ does not decay into
electrons and muouns only). The Z' — 77 decay can still occur in this case since the 7
can decay both leptonically and hadronically. A combined search of both leptonically
and hadronically decaying 7-pairs exclude mz: up to 2.42 TeV at /s = 13 TeV with
36 fb~ ! integrated luminosity [13], thus a much weaker limit.

Quarkophobia, as we shall see, can only occur if the U(1)" couples non-universally
to quarks: we then forbid coupling to the first two generations of quarks, while allow-
ing coupling to top and bottom quarks. This significantly suppresses the production
cross-section, alleviating the serious restrictions on Z’ mass.

We proceed as follows. First, we review U(1)’ models, emerging from the breaking
of Eg supersymmetric GUT (while breaking SO(10) in an intermediate step), in
Section 2. We are particularly interested in the anomaly cancellation conditions and
their implication on the U(1)" charges. We then describe how to make the model
leptophobic, either with universal, Section 3, or non-universal charges, Section 4.1;
and how to make the non-universal U(1)" model quarkophobic, in Section 4.2. We
study the implications of the three scenarios and, when relevant, how to test them
at the colliders. We conclude and summarize our findings in Section 5.
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Table 1. Mixing angle 6, for popular U(1)’ models. The value of 0, is taken in the [—, 7]
range.

Model U, U, (), U(1)5 o) U
(Jon —0.57 0 —0.797 —0.37m 0.71m —0.087

2 U(1)’ models

We first review the theoretical framework of U(1)" extended MSSM (referred to as
U (1)’ models, for short), extensively discussed in [1,14]. The new additional states are,
one extra neutral gauge boson Z’, an additional singlet S, and their fermionic part-
ners. There are several possibilities for specific U (1)’ symmetries. The most commonly
studied U(1)" extensions arise from linear combinations of the subgroups emerging
from the breaking of Fg GUTSs into the SM

Es — S0(10) @ U(1)}, — SU(5) @ U(1)}, @ U(1).. (1)

The charges Q' (¢, 0r,) = Qy,(¢) cos O, — Q' (¢) sin g, where Q' (¢, 05, ) is the U(1)’
charge resulting from the mixing. A common choice for the angles fg, is given in
Table 1 for the conventional U(1)" models x, ¥, n, S, I and N. The superpotential for
these models containing Yukawa couplings for quarks and leptons, and including the
right-handed neutrino, is:

W=Y,aGH, —YydgHy —Y.elHy + N\H, HyS +Y, [ H, g (2)

where Y, is the Yukawa coupling responsible for generating neutrino masses. The

U(1) charge assignments generate the effective y term, ¢y = A(S)/v/2. In addition,
the Lagrangian contains the soft-breaking terms

0 770 — 7+ 0 7% 7 — T ~
—Lspw = —A\SH H, + A\SH; H, + Aqi;HidR i0dL 0 + Adis Hy dR oL i
0~*% ~ — ~% o~ + ~% 7
+AcijHq€R i€r,i — AcijHy €r Vi — AuijHy UR i0dL ia
0 ~%* ~
+Au7inuuR,iauL7m + h.c.
2 02 2 2 2 0,2 2 2 2| a2 2 5
—Lspe = muy,|Hg|” +mu, |Hy |” +my, |Hy|” +me, [Hy | +ms|S|” +mg i;dL iadL ja
2 Tx 7 2 ~% o~ 2 ~k o~ 2 ~ % ~
+Ma,ijdR,iadR jo + ML,ij€L,i€L,5 + Me,ij€L i€R,j + MQ i UL ia UL jo
2 ~ % ~ 2 ~k o~ 2 ~% o~
+mMy ijUR iaUR,jo + ML i5VL VL5 + My VR VR, 5

1
7,653)\ = 5 (Ml)\QBz + MQ)\‘Q/‘V,I- + MUAQZ, + Mg)\g,a)\g’g + h.C.) . (3)

3 U(1)’ models with universal charges

In the first instance, we assume that the U(1)" charges are generation independent,
that is, the Z’ gauge bosons couple to the SM matter fields the same way as the
Z [12]. The U(1)’ charges of the fields must satisfy a number of conditions arising
from phenomenological constraints, from gauge invariance, and from the requirement
of cancellation of gauge and gravitational anomalies. The disadvantage here is that
anomaly cancellation requires introduction of additional exotic matter fields.

ng /\ ne o~
Wuniv — W + thgSQz§1 + ZhJLSEJEJ (4)

i=1 j=1
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Table 2. Gauge quantum numbers of quark (@,ﬁ, ﬁ), lepton (Z,]V,E), Higgs doublets
(flu, ﬁd)7 singlet §7 exotic quark (Q,@) and exotic lepton (E, L) superfields.

/2 -1/2 0 Yo -Yo Y
b Qu Qu, Q5 Qo QF Q Q-

Q U D L N E H, H S Q@ Q@ L[ ¢
SUB)e 3 3 3 1 11 1 1 3 3 1 1
SU2), 2 1 12 12 2 11 111
1 ~Ye
Q

1
1
Uy 1/6 —2/3 1/3 —1/2 0
Ul Qg Qu Qb Qr Qk

The anomaly-cancelling conditions are as follows.

The U(1)" charges satisfy Q7 + Qp, # 0 to forbid the bare p term, and
QY + Q, + Qv # 0 to induce neutrino masses correctly. Gauge invariance of the
superpotential implies

0=Q5s+Qy, +Qu,, 0=Qp+Qy, +Qu. 0=0QH+QY, +Qp,
0=Q+Qy, +Qr 0=Qo+Q5+Qs, 0=Q:+Q%+Qs (5

For the model to be anomaly-free the U(1)’ charges of fields must satisfy

0=3(2Qq + Qu + Qp) +no(Qq + Q%) (6)
0=303Qy+QL) +Qy, +Qu,» (7)
0= 3(zQ + 5@ + 30U + 5@+ Q) + 5 (@, + Qi)

+3n9Y5(Qo + Q) + neYZ QL + Q%) (8)
0=3(6Qq +3Qy +3Qp +2Q7 + Qp + Q) +2Q%, +2Q%,

+Qs + 3ng(Qg + Q) +nc(Qr + Q%), (9)
0=3(Qu° + QP —2Q1° — Q> + Q%) — Q4> + Q% + 3ngYo(QY — Q'§2)

+neYe(Qr® — Q%F), (10)
0 =3(6Q%" +3Q% +3Q1° +2Q7° + Q% + Q%) +2Q% +2Q% + Q%°

+3n0(QQ’ + QF) + nc(Qr* + Q%) (11)

which correspond to vanishing of U(1)-SU(3)c-SU(3)¢, U(1)'-SU(2).-SU(2) L,
U)Y-U1)y-U(1)y, U(1)-graviton-graviton, U(1)’-U(1)-U(1)y, and U(1)-U(1)'-
U(1) anomalies, respectively. All these anomaly cancellation conditions are satisfied
for a particular pattern of charges and parameters. The solution to the mixed anomaly
constraints requires ng = 3 color triplet pairs with hypercharge Yo = —1/3, and
ne = 5 singlet pairs with hypercharge Y, = —4/2/5. The particle content is given in
Table 2. For the choices of the U (1)’ models in Table 1, these charges can be explicitly
parametrized, omitting the exotica, as in Table 3.

After the spontaneous breaking of the symmetry group to electromagnetism, the
W, Z and Z' bosons become massive while the photon stays massless. In general
there is mixing between the Z and Z’ eigenstates, parameterized by a mixing angle
azz. However, electroweak precision data strongly constrain azzs to be very small,
O(1073), [15]. At tree level, the squares of the masses of the Z and Z’ bosons are
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Table 3. U(1)" charges of quark (Q, D, U), lepton (L, E, N) and Higgs (H,, Ha, S)
supermultiplets in anomaly-free U (1)’ groups from Table 1.

2V10Q,  2v6Q,  2VI5Q,  2VIQs  2Q;  2V/10Qy

Q.U E 1 1 —2 ~1/2 0 1
L,D 3 1 1 4 -1 2
N -5 1 -5 -5 1 0
H, 2 —2 4 1 0 2
Hy —2 —2 1 —7/2 1 -3
S 0 4 -5 5/2 ~1 5
given by:
s it 95,500 042 2 120127 N2 12 7 770\2 12 7770\ 2
my = T(<H’u> +(Hg)?), m%z =g Q¢ (S)” + Qi (H)” + Qp,(Hg)?),

with H) and HY being the VEVs of the neutral components of the down-type and
up-type Higgs fields Hy and H,, and g1, g2 and ¢’ being the coupling constants of the
U(1)y, SU(2)r and U(1)" gauge groups, respectively.

Note that in all the models, the U(1)" charges for leptons are non-zero. However,
this changes if U(1)y and U(1)" bosons are allowed to mix kinetically [16]. In that
case, the gauge Lagrangian becomes

SinXBNVZ’

1. 1A,
»Ckin = _ZBMVBMV - ZZIHVZIILV - 9 [I7R) (12)

with B;w and ZAI’W the U(1)y and U(1)" boson field strength tensors, respectively, and
X the kinetic mixing angle. Diagonalizing the field strengths by a GL(2, R) rotation,

7)-6) (%)
~ = 1 7 s (13)
(Zl/t 0 cos X ZH

now B, and Z/: have canonical diagonal kinetic terms. As discussed in references [1,

16], for m% < m%, and small values of ¥, the impact of kinetic mixing on gauge
boson masses is negligible, while the impact on the couplings of the Z’ boson with
fermions is significant, and given by

Lint = —¥0iv"(91YiBy + ¢ Q)2 )i = —biy" (91Yi B + 9 Qi Z)), (14)

with Q; = Q) sec y — %Yi tan x. Leptophobic scenarios can then be obtained requiring

Qr = Qp = 0[9-12]. Since Y7 = —1/2 and Yg = 1, leptophobia can be achieved only
if Q5 = —2Q’,, requiring sin xy ~ —0.3. As a result, leptophobic Z’ models naturally
arise for g mixing angles in the neighbourhood of 0, ~ 0, &+ nm, with n integer,
requirement close to the U(1);, configuration.

With these conditions, we review the constraints on Z’ mass in Figure 1. We chose
two possibilities for gauge coupling unification: at the Mgy scale (left panel) or at
the Mgysy scale (right panel), and compare our predictions with the results from
CMS on di-jet searches [17]. One can see that these constraints are much weaker
than the di-lepton bounds, and do not impose any restrictions on Z’ masses. We then
investigate the collider implications for this scenario. We scan over the free parame-
ters, assuming minimal flavor violation, (taking all the flavor-violating parameters of
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Fig. 1. Z’ production cross-section multiplied by the dijet branching ratio and by the
acceptance A ~ 0.6, for unification at Mgur scale (left panel) and at Msysy scale (right
panel), comparing NLO QCD theoretical predictions to the bounds obtained by the CMS
collaboration [17] at the 1o (green) and 20 (yellow) level. The Z’ dijet branching ratio is
shown for both cases, on the right.

Table 4. Scanning ranges for parameters. For coupling unification at GUT scale, only the
four quantities in the top panel are varied.

Parameter Scanned range Parameter Scanned range
mo [0, 3] TeV Leff [—2,2] TeV
ml/g [07 5] TeV A)\ [_77 7] TeV
Ay [—3,3] TeV my [1.98,5.2] TeV
tan /8 [Oa 60] 0E6 [—7‘(, ﬂ-]
mé ad [0, 16} T6V2 mi,2,3,4 [0,3] TeV
mzi [0, 1] TeV? m2 [—6.8,9] TeV?

the soft supersymmetry-breaking Lagrangian to be vanishing), and enforcing unified
boundary conditions on the remaining soft parameters (at GUT or SUSY scales).
The parameter ranges are given in Table 4.

To observe light leptophobic Z’ bosons, we look for them decaying through a
supersymmetric cascade. As direct decays into leptons are forbidden, dilepton final
states can nevertheless arise from (Z’-mediated) chargino-pair production followed
by decays into charged leptons and missing energy through an intermediate (possibly
off-shell) W boson Xi© — (W* — I*1;) X9, with X being the lightest neutralino. To
enhance the signal, we devise benchmarks U (1)’ scenarios where the mass difference
between the lightest chargino )Zli and the lightest neutralino X9 is at least my ~
80 GeV, not excluded by data, and with different U (1)’ properties. The signal process
under consideration is

= Z' = XX = 1T 4 Ermiss - (15)

Both benchmarks have a Z’ boson with a mass of about 2.5 TeV and charginos and
neutralinos as light as possible, to maximize the branching ratios in equation (15).

BM T relies on a U(1);, symmetry, with 0z, = —0.797, while the second scenario,

BM 11, is close to U(l)ip, with a mixing angle 6g, = 0.27. The parameters corre-
sponding to these benchmarks are shown in Table 5. For signal analysis, we performed
a full Monte Carlo event simulation at the LHC, for /s = 14 TeV. The hard-scattering
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Table 5. U(1)" parameters for benchmarks BM I and BM II.

Parameter O tan 8 et [GeV] Mg [TeV] Moy [TeV] M [GeV]
BM 1 —0.79 7 9.11 218.9 2.5 2.6 106.5
BM II 027 16.08 345.3 2.5 1.9 186.7

Parameter Mz [GeV]  Ms [TeV] M [GeV] Ao [TeV] Ay [TeV] sin x
BM1 230.0 3.6 198.9 2 5.9 —0.35
BM II 545.5 5.5 551.7 1.5 5.1 0.33

Table 6. Cuts employed to enhance signal over background for a leptophobic Z’ boson
decaying through a supersymmetric cascade. For each cut we list the number of surviving
events for an integrated luminosity of 3000 fb~' at /s = 14 TeV for background and for
signal benchmarks BM I and BM II, as well as the significances s and Z4, as defined in
equation (17), with 20% uncertainty.

Step Requirements Background BM 1 BM II
0 Initial 1.7 x 10! 8.8 x 10° 1.9 x 10*
1 N =2 6.1 x 10® 401 860
2 Electron veto 2.9 x 108 100 230
3 In'| < 1.5 1.7 x 10% 76 170
4 I, <0.15 7.9 x 10° 63 130
5 AR(l1,l2) > 2.5 7.9 x 10° 62 130
6 Jet veto 7.7 x 10* 57 120
7 pr(l1) > 300 GeV 44 36 71
8 pr(lz) > 200 GeV 20 19 32
9 Ermiss > 100 GeV 10 14 27

s 3.770 7.140
Za 3.030 5.050

signal events are generated by MADGRAPH5_AMC@NLO [18], and we found that
the production cross-section is o(pp — Z’) =~ 120 fb for both benchmarks.! Parton
showers and hadronization were simulated using the PYTHIA 8.2.19 program [19], and
the LHC response was modelled by the DELPHES 3.3.2 package [20], using the SNOW-
MASS parameterization [21]. We considered an average number of pile-up events of 140
and normalized the results to an integrated integrated luminosity of 3000 fb~t. For
the backgrounds, we considered all processes leading to final states with two charged
leptons and missing energy, such as vector-boson pairs V'V. Since the background is
large, cuts were necessary to observe the signal, as shown in Table 6, where we defined
two variables, s and Z42 to define the significance of the leptophobic Z’-boson signal,

PO (16)

\/B+J]23 ’

(o BB i) o

Za

with S (B) the number of signal (background) events and op the standard deviation
of background events. Our most promising variables are shown in Figure 2. Plots

IThe cross-section depends on the Z’ mass and its coupling constant, which are the same for
BM I and BM II.

2This is the Asimov exclusion significance which provides a quantitative measure of the statistical
fluctuations in the discovery significance and exclusion limits [22].
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Fig. 2. Top: transverse momentum distribution of the leading muon [; (left) and of the next-
to-leading muon Iy (right). Bottom: missing transverse energy spectrum for the background
and for the two signal benchmarks (left) and cotransverse mass distributions for muon I;
and invisible particles leading to missing energy (right). All histograms are obtained after
applying all acceptance cuts in Table 6.

given are after applying the first six cuts of Table 6. We give, on top left panel, the
distribution in the transverse momentum of the leading muon [y, while in the top
right panel of the figure, we show the transverse-momentum spectrum of the next-
to-leading muon [y. Signal spectra are below the background at low pr(ly), while
for pr(l1) > 300 GeV, both signals BM I and BM 11 yield comparable numbers of
events as the background. The bottom of Figure 2 (left) shows the missing transverse
energy due to the lightest neutralinos Y9. The E7y;ss are well above the backgrounds,
especially above 400 GeV, where the backgrounds are suppressed, while in Figure 2
(bottom right panel), we plot the cotransverse mass Mo for all particles contributing
to the missing energy. Thus, for the two benchmark employed, showcasing a light
chargino-neutralino spectrum not yet excluded, we obtain visible signals at the LHC,
with a significance which varies from 30 up to even 7o, according to the criteria
employed to estimate the significance.

4 U (1)’ models with non-universal charges

Of course, U(1)’ models need not arise from breaking of a higher group, but simply
as the simplest extension of the SM/MSSM gauge group. We can then explore the
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consequences of anomaly-free U(1)" models, without imposing constrains generated by
the breaking of SO(10) or Eg. In this case, we also want to construct models where the
mass constraints on Z’ are relaxed [23]. The advantage here is that anomaly-free U (1)’
models without exotics exist, but they require allowing flavor non-universality, that is,
allowing fermionic family-dependent U (1)’ charges [14]. These charges must be chosen
so that all anomaly coefficients cancel, including those from mixed anomalies involving
U(1)’ charges, and gauge-gravity anomalies. These particular theories have received
more attention lately, given the LHCb measurements of lepton flavor non-universality
in B-meson decays [24,25].

Family dependent U(1)" charge assignments forbid some of the Yukawa cou-
plings in the superpotential, resulting in massless fermions. We must introduce
non-holomorphic SUSY breaking Lagrangian terms, induced by the couplings of
fermions to the 'wrong’ Higgs doublet

—L.=CUHIL'EY + CIH;QUS + CUHIQ DY + c.c. | (18)

Fermion masses are now generated at one loop level through sfermion-gaugino loops
[14].

For the theory to be anomaly-free, the U(1)’ charges must satisfy, as before,
conditions requiring vanishing of U(1)" — SU(3) — SU(3), U(1) — SU(2) — SU(2),
U1y -U(l)y —UQ)y, U(1)-graviton-graviton, U(1) = U (1)’ —U(1)y and U(1)" —
U(1)' = U(1) anomalies. In a family-dependent scenario, the charges for the fields in
Table 3 must satisfy, respectively

0= Z(2QQ1 + QUf + QDz) ) 0= Z(3QQ1 + QLl) + QHd + QHu (19)

7 3

1 4 1
0= Z(EQQi + %QDg + gQUf + %QLi +QEe) + Q(QHd +Qmn,) (20)

0= (6Qq, +3Qus +3Qp: +2Qr, + Qpe) +2Qm, +2Qm, + Qs (21)

7

0= (Q%, + Qb —2Q% — Q1 + Q%) — QF, + Qh, (22)

7

0= (6Q4, +3Qb +3Q%: +2Q7, + Q%) +2Q%, +2Q%, + Q% (23)

7

There are numerous possibilities for satisfying these relations. These are classified
in [26] and various aspects of their phenomenological implications have been studied
both within non-SUSY and SUSY frameworks [27-32].

4.1 U (1)’ with leptophobic non-universal couplings

We opt here for a simple family dependent choice for supersymmetric U(1)" models

with non-universal charges. A possible solution to the above, satisfying the anomaly
cancellation requirement is

Qe;, =QL,=Qr, =0

QEg QEg QEg
QQi_ 9 aQD:__ 9 7QU{‘__T’
Qu, =0; Qun, = —Qgg; Qs = Qgg, (24)
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Fig. 3. Effect of the exclusion limits on mz/ from Z’ — 77 search channel for scenarios
with A = 0.6 (left panel), and A = 0.1 (right panel). The color coding represents the LSP
neutralino mass or ¢'Q g, as indicated in the plots. The black points are ruled out by direct
chargino-neutralino searches. The grey shaded region represents the 95% exclusion region
around the observed limit.

which is by no means general, but allows us to express all U(1)’ charges in terms of
a single one, Qg,. Another possibility is

QQ.. =Qus, =CQps, = Qup, , = QL,s = @p; =0

1
Qus = Qp; = Qr; = —3) Qes = Qup, =QL, = 2;

1 1
QHu:O;QHdza;QS:_§' (25)

We use this charge assignments while performing a scan over the model parameters
as follows. Throughout this scan we chose A = 0.6 and A = 0.1 (thus changing jcs¢),
my = mg = my = 4 TeV, and all slepton and squark masses at or above 3 TeV. The
exclusion limits, as obtained, are shown in Figure 3, for large A = 0.6 on the left side,
and low A = 0.1, on the right side. The color gradient represents either the variation of
the LSP neutralino mass or ¢'Qg,, as indicated in the right color bars. The exclusion
limit obtained from Z’ — 77 search is shown by the black line while the grey shaded
area represents the 95% confidence level region around the exclusion line [13]. The
black points represent those excluded by direct neutralino-chargino searches [33-35].
For large )\, these constraints do not appear to affect the available parameter space.
The higgsino, bino and wino parameters are large throughout, making the chargino
states and other neutralino states in the spectrum quite heavy, and the singlino is
the LSP state, which can still be significantly light. Thus the NLSP pair or the LSP-
NLSP associated production cross-sections are very small. On the other hand, the
LSPs can be produced copiously, but they are completely invisible. As expected, the
exclusion limit on myz becomes weaker as ¢'Q Eg is decreased since the production
cross-section drops with it. As evident, with g’Qge ~ 0.2, the exclusion limit can be
much weaker, mz > 1500 GeV. For small A, for small enough Qgg, even sub-TeV
mz is allowed from Z' — 77 searches. Since the bino and wino soft mass parameters
are decoupled from the rest of the spectrum, the LSP can be either a singlino or
higgsino. All the allowed points shown in the figure have very small LSP-NLSP mass
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Fig. 4. Distribution of the relic density as a function of the LSP mass with the color gradient
representing variation of myz/ (a) and the abundance of the singlino component in the LSP
neutralino (b). Plot (c¢) shows the distribution of direct detection cross-section as a function
of LSP mass with the color gradient representing relic density. Left panel and right panel
are for A = 0.6 and \ = 0.1, respectively.

gap and hence may avoid detection. We verified that they too are allowed from latest
neutralino-chargino search results constraints [33-35].

Now we analyze the DM properties. The distribution of the relic density as a func-
tion of the LSP neutralino mass is given in Figure 4 (top) and the spin-independent
direct detection cross-section in Figure 4 (bottom). We plot scenarios with A = 0.6
(left) and A = 0.1 (right).The color coding in the plots indicate (top) the abundance
of singlino component in the LSP and (bottom) the relic density. The horizontal
shaded band represents the 20 allowed region around the correct relic abundance,
0.119 4 0.0054 [36]. The XENON limit [37] on the direct detection cross-section (ogr)
is shown by the black curve. The two distinct resonance regions shown in the figure
are due to the two CP-even Higgs masses corresponding to the MSSM Higgs doublets.
For small ¢'Qpg., the LSP is dominantly singlino resulting in very small og; which
increases as the LSP becomes a singlino-higgsino admixture.
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Table 7. Basic parameters for the chosen benchmarks BP1 and BP2.

Parameters Type-1
& BR BP1 BP2
tanf 10.0 11.6
g 0.3 0.3
A 0.1 0.1
vs (GeV) 9203.0 10562.0

From the plots above, we could devise three different classes of benchmark
points for the relevant parameter region, depending on whether the LSP is singlino-
dominated, higgsino-dominated or a singlino-higgsino admixture, as described above.

— Type-I: Masses are aligned in such a way that the Z’ can decay into both the
higgsino and singlino type neutralino-chargino states. There are three neutrali-
nos and one chargino lighter than myz/ and a sizeable mass gap between LSP
singlino and NLSP higgsino states, such that the resulting decayed leptons can
be hard enough. This type corresponds to the right panel in Figure 3.

— Type-II: The hierarchy of masses are similar as in Type-I, except for the fact
that the LSP can be either singlino or higgsino dominated, or a well-mixed
state. The NLSP-LSP mass gap is small and the final state leptons are softer.
This set of points is also shown in right panel of Figure 3.

— Type-III: Only the LSP state is lighter than the Z’. The LSP can either be a
singlino or higgsino. The NLSP mass kinematically forbids Z’ to decay into any
chargino or neutralino pairs, and the Z’ has a large invisible branching ratio.
This type of points is shown in Figure 3, left panel.

We discuss Type-I and Type-II benchmark points only, since the Z’ in Type-III has
no visible decay into SUSY particles, and design several representative benchmarks.
Among possible choices, we highlight two most promising, BP1 and BP2, both of
Type-1 (involving hard leptons), summarized in Table 7.

The dominant SM backgrounds for BP1 and BP2 are tf + jets, tt +V (V =
W, 2),tt+h, VV, VVV and Z + jets. To distinguish the signal from background,
we impose the following cuts:

— C1: The final state must have two opposite-sign different-flavor leptons, with
transverse momenta, pr > 25 (20) GeV for the leading (sub-leading) leptons.

— C2: Allow no central light jets with pr > 40 GeV and |n| < 2.4.
— C3: Allow no central b-tagged jets with pr > 20 GeV and |n| < 2.4.
— C4: The invariant mass of opposite-sign di-leptons pair, |mg —mz| > 10 GeV.

— C5: The missing transverse energy, Ermiss > 200 GeV.

miss __

~ C6: The stransverse mass, mrp, = ming, [max(mr(p4, qr), mr(p2, p
qr))] > 150 GeV, where mr is given by mr(pr,qr) = \/Q(quT — prqr).
With these, the signal and background are reduced as indicated in Table 8. The

reach of HL-LHC would need an integrated luminosity of ~1.4 ab~" and ~2.6 ab™*
to exclude (or to achieve 20 statistical significance) BP1 and BP2, and ~3.1 ab™!

and ~6 ab™ ! integrated luminosity respectively for 3¢ significance, most within reach
of HL-LHC.
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Table 8. Cutflow table for signal and SM background for BP1 and BP2 benchmarks.

Channels Cross-section (fb)
C1 C2 C3 C4 C5 Cé6
BP1 1.008 0.572 0.544 0.504 0.207 0.007
BP2 0.593 0.330 0.313 0.291 0.133 0.005
tt+ jets 13823.5 7756.9 423.1 406.6 6.535 -
tt+ X 85.992 37.568 0.546 0.497 0.032 -
4% 1755.233 1362.872 1343.398 1086.805 1.104 0.003
vvv 15.021 4.119 2.966 2.430 0.117 0.012

Table 9. Quantum numbers for the anomaly-free U(1)" gauge group in the model.

Q1.2 0 Ly,E§ 0 S —-1/2
Q3 +1/2 L2 —2 I/S +2
Ulc,g ,Dig 0 L3 0 l/f,l/g 0
Us -1/2 ES +2 H, 0
Dj ~-1/2 E§ -1/2 Hg +1/2

4.2 U (1)’ with quarkophobic non-universal couplings

To circumvent mass limits on the Z’ gauge boson, we could choose an anomaly-free
U(1)" symmetry coupling non-universally to the quark sector. In particular, if only
the third generation quarks are charged under this U(1)’, this scenario can easily
evade the dilepton bound from the LHC searches. The allowed parameter space this
U(1)" model can accommodate the R and Rk~ anomalies in B-physics [24,25] and
considerably weaken the Z’ mass limits while remaining perturbative up to the Planck
scale [38]. In Table 9 we list a choice of such U(1)" charges, satisfying equations
(19)—(23), where only the third family of quarks carries non-zero hypercharge. In
this scenario Z’ does not couple to the first two generations of quarks, rendering its
production cross-section very small, and thus evading the mass constraints from the
LHC. We show that this can also explain the anomalies in B-physics. The effective
Lagrangian responsible for the B meson decay is given by the contribution of Og
operator, integrating out the Z’ (note that Q19 does not contribute, due to the
vector-like coupling of the Z'):

Cy,S0 _ _
Lo, = ——529" 5Ly br iy,
mZ/
2cy_ S
yielding C§ = T 9 2% qg?. (26)

T aV2GRVy Vi my,

The allowed range of the Wilson coefficient is C§ € [—2.12, —1.1]([-2.87,—0.7]) at
1(2) o level [39]. The explanation of B decay anomalies requires the couplings of by,
and sy, corresponding to the U(1)’" to be non-zero. This is achieved through rotating
the flavor eigenstates to the mass eigenstates, without triggering large mixing in
right-handed down quark sector, by means of a non-zero m§3 element in the down
type quarks mass matrix. This mass term can arise from the superpotential W O
Y23QoHy DS, yielding a mixing angle 6, between by, and sz,. The global fit to Bs — Bs
mass mixing, and the CKM fit give an upper bound |g'263q sgq /8m%,| < 1/(210TeV)?

[40]. Figure 5, left panel, shows that the B, — B mixing measurement requires the
mixing angle |6, < 0.3 for m/,/g’ = 20 TeV, while the constraints from D? — D°



3218 The European Physical Journal Special Topics

-— 20

0 5000 10000 15000 20000 25000 : 1000 2000 3000 4000 5000

mz/ge(GeV) mz(GeV)

Fig. 5. Fits to the B; — B,, D° — DY, restricted by the sy, — by, mixing angle 6,, coupling
g == gr, and my,. Regions between the two solid (dashed) curves are consistent with
Ry, Rk~ anomaly at 1(2)o level, while the shaded regions are excluded by neutral meson
mixing and the LHC dilepton searches [41]. The region above the dotted horizontal curve

in the right panel is excluded by the Landau pole requirement.

mixing require |g’'2¢% /8m%,| < 1/(1900 TeV)? [40] and thus weaker than the By — Bj
mixing, due to the additional CKM suppression of cp.

While the Z’ production rate is suppressed by parton distribution functions of the
b quark at the LHC, the branching ratio BR(Z’ — utu™) is large, so that o(pp —
Z"Yx BR(Z' — p*u~) is sizeable. From Figure 5 (right panel), the LHC dilepton
searches can cover mz < 2.5 TeV for ¢’ ~ 0.3, a sizeable reduction in the expected
mass of the myz/ from the ATLAS expectation [41], where mz ~ 4.1 TeV.

5 Conclusion

Motivated by the latest ATLAS and CMS measurements which imposed restric-
tive lower bounds on the Z’ mass, we analyzed models with an additional U(1)’
gauge symmetry group where these limits can be relaxed. First, in models aris-
ing from the breaking of Eg supersymmetric GUT, we explored loopholes in the
searches carried out at the LHC, by allowing Z’ to be leptophobic. We analyzed the
Z' decay into supersymmetric final states, such as chargino pairs and showed that
supersymmetric decays of leptophobic Z’ bosons are capable of giving detectable
di-lepton signals, which can be easily discriminated from the backgrounds and from
non-supersymmetric Z’ events, so far employed to set the exclusion limits.

Extending MSSM by an additional U(1)’ gauge group, and allowing the charges for
fermions and Higgs bosons to be family dependent, anomalies are cancelled without
the introduction of exotica. The disadvantage here is the presence of non-holomorphic
terms, giving fermion masses at loop-level. In one possible solution, all the U(1)’
charges are written in terms of a single one, Qg,. The Z’ cannot decay into electron
or muon pairs at the tree level. The restriction on myz: arises from Z’ decay into
77, which is considerably weaker. While the signal cross-section is dependent on the
choice of U(1)" charges and other possible decay modes of Z’, we showed that the
decay into multiple chargino and neutralino states gives rise to observable leptonic
signals at the HL-LHC. Non-standard neutralino DM candidates such as a singlino or
a higgsino arise naturally for a light Z’. The study of possible signal regions revealed
that the di-tau final state is likely to be observed first and that one can use the
leptonic signal regions as confirmirmation channels.
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When the Z’ couples to third generation quarks only, its production cross-section
is significantly suppressed even though BR(Z' — p*p™) is significant. In this sce-
nario, the R and Ry~ anomalies from B decays have a solution, while at the same
time, the mz mass bound is significantly relaxed.

In addition, in the present framework, any observation of such leptonic signals at
high integrated luminosity will also indicate the presence of SUSY.
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