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The ATLAS Collaboration has reported excesses in the search for resonant diboson production with
decay modes to hadronic final states at a diboson invariant mass around 2 TeV in boosted jets from WZ,
WþW−, and ZZ channels. Given potential contamination, we investigate the anomalies in leptophobic
Uð1ÞLP models. We show that leptophobic models can be constructed in flipped SUð5Þ ×Uð1ÞX models
from free fermionic string constructions and Pati-Salam models from D-brane constructions. Additionally,
we perform a collider phenomenological analysis to study production cross sections for pp → Z0 →
jj=tt̄=WW=Zh and discover the excess can be interpreted in both the leptophobic flipped SUð5Þ × Uð1ÞX
models and intersecting D-branes.
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I. INTRODUCTION

The ATLAS and CMS Collaborations have completed
searches for massive resonances decaying into a pair of
weak gauge bosons via jet substructure techniques, i.e., the
pp → V1V2 → 4j (V1;2 ¼ W� or Z) channels [1–3]. The
ATLAS analyses consisted of 20.3 fb−1 of data at 8 TeV
LHC beam collision energies, indicating excesses for
narrow widths around 2 TeV in the WZ, WW, and ZZ
channels with local significances of 3.4σ, 2.6σ, and 2.9σ,
respectively [1]. Furthermore, CMS performed similar
searches, though did not distinguish between W- and
Z-tagged jets, uncovering a 1.4σ excess near 1.9 TeV
[2]. It is intriguing that CMS also reported about 2σ and
2.2σ excesses near 1.8 TeV and 1.8–1.9 TeV in the dijet
resonance channel and the eνbb̄ channel, respectively,
which could be accounted for by a W0 → Wh process
[4,5]. Though these excesses are not yet statistically
significant, consideration is warranted for potential inter-
pretations of these anomalous events as new physics beyond
the StandardModel (SM), as evidence mounts for a possible
nontrivial explanation. In the intervening time since ATLAS
and CMS first reported their findings, these diboson
excesses have been extensively studied [6–45].
The ATLAS diboson excess is well fit by resonance

peaks around 2 TeV and widths less than about 100 GeV.
Narrow resonances such as this might imply new weakly
interacting particles, therefore we shall consider the under-
lying theories to be perturbative in this work. Turning our

focus to the ATLAS excess in the WZ, WW, and ZZ
channels, the tagging selections for each mode used in the
analysis are rather incomplete, as these channels share
about 20% of the events. It may be difficult to pronounce
that a single resonance is responsible for all excesses,
although there does remain the possibility that one 2 TeV
particle contributes to the excess in only one channel,
whereas the additional excesses in the alternate channels
are via contaminations. Approaching the analysis from this
perspective provides motivation for not attempting to
formulate a simultaneous explanation for all excesses,
thereby studying only models with a new resonance in
one channel. The reference ranges of the production cross-
section times the decay branching ratio for the 2 TeV
resonances in the WZ, WW, and ZZ channels are approx-
imately 4–8, 3–7, and 3–9 fb, respectively.
The goal in thiswork is to understand the diboson excesses

in leptophobic Uð1ÞLP models from string theories. The
leptophobic property aids the process of relaxingLHCsearch
constraints on the leptonic decay channel Z0 → lþl−, with
stringmodel building allowing for a deeper understanding of
the particle physics. Consequently, we shall realize a
leptophobicUð1ÞLP in flipped SUð5Þ ×Uð1ÞX models from
free fermionic string constructions [46–51] and inPati-Salam
models from D-brane constructions [52–63]. We conclude
the study with exploration of the production cross sections
for pp → Z0 → jj=tt̄=WW=Zh, demonstrating a plausible
interpretation of the ATLAS excess in both leptophobic
flipped SUð5Þ ×Uð1ÞX models and intersecting D-branes.
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II. THE LEPTOPHOBIC Uð1ÞLP MODEL FROM
STRINGY FLIPPED SUð5Þ × Uð1ÞX MODELS

The convention we adopt here denotes the SM left-
handed quark doublets, right-handed up-type quarks, right-
handed down-type quarks, left-handed lepton doublets,
right-handed charged leptons, and right-handed neutrinos
as Qi, Uc

i , D
c
i , Li, Ec

i , and Nc
i respectively. Our analysis

shall investigate the leptophobic Uð1ÞLP model from string
theory as a viable explanation of the diboson excess.
The leptophobic Uð1ÞLP cannot be realized in SUð5Þ
models due to the fact the matter field representations
10i contain fQi;Uc

i ; E
c
i g, while the representations 5̄i

contain fDc
i ; Lig. Similar results are found for traditional

SOð10Þ and E6 models as well. Of significant note,
representations for three families of SM fermions in flipped
SUð5Þ × Uð1ÞX models [46] are

Fi ¼ ð10; 1Þ ¼ fQi;Dc
i ; N

c
i g;

f̄i ¼ ð5̄;−3Þ ¼ fUc
i ; Lig;

l̄i ¼ ð1; 5Þ ¼ fEc
i g; ð1Þ

where i ¼ 1, 2, 3. Notice that Fi does not contain the
charged leptons, thus the leptons can be charged under the
leptophobic Uð1ÞLP gauge symmetry. It is also clear that f̄i
and l̄i cannot be charged under the leptophobic Uð1ÞLP
gauge symmetry.
In this work we consider flipped SUð5Þ ×Uð1ÞX models

from four-dimensional free fermionic string constructions
[47], which possess various favorable properties regarding
vacuum energy, string unification, dynamical generation of
all mass scales, top-quark mass, and the strong coupling
[48]. The complete gauge group has three identifiable
pieces G ¼ Gobs ×Ghidden ×GUð1Þ, where Gobs ¼ SUð5Þ×
Uð1ÞX, Ghidden ¼ SUð4Þ × SOð10Þ, and GUð1Þ ¼ U1ð1Þ×
U2ð1Þ ×U3ð1Þ ×U4ð1Þ ×U5ð1Þ. There are 63 massless
matter fields present, annotated in detail in Tables I, II, III,
and IV, including their charges under GUð1Þ. In particular,
there are five F, two F̄, three f̄, and three l̄i, which
according to the original conventions, are denoted as F0,
F1, F2, F3, F4, F̄4, F̄5, f̄2, f̄3, f̄5, l̄2, l̄3, and l̄5,
respectively [47].
Special emphasis is warranted for the property

TrU1;2;3;5 ≠ 0, whereas TrU4 ¼ 0. The anomalous sym-
metries are artifacts of the truncation of the full string
spectrum down to the massless sector. The low-energy
effective theory is correctly specified by rotating all anoma-
lies into a single anomalous UA ∝

P
i¼1;2;3;5½TrUi�Ui [49],

TABLE I. The massless matter fields and their transformation
properties under GUð1Þ in the observable sector. Under SUð5Þ ×
Uð1ÞX gauge symmetry, these fields transform as F ¼ ð10; 1Þ,
f̄ ¼ ð5̄;−3Þ, l̄c ¼ ð1; 5Þ, h ¼ ð5;−2Þ, and h̄ ¼ ð5̄; 2Þ. Moreover,
we present their charges under UA and three orthogonal linear
combinations of interest (ðU0;U00;U000Þ).

U1 U2 U3 U4 U5 UA U0 U00 U000

F0 − 1
2

0 0 − 1
2

0 3
2

− 1
2

− 1
2

0

F1 − 1
2

0 0 1
2

0 3
2

− 1
2

− 1
2

0

F2 0 − 1
2

0 0 0 1
2

0 3
2

− 1
2

F3 0 0 1
2

0 − 1
2

3
2

1 − 1
2

0

F4 − 1
2

0 0 0 0 3
2

− 1
2

− 1
2

0

F̄4
1
2

0 0 0 0 − 3
2

1
2

1
2

0

F̄5 0 1
2

0 0 0 − 1
2

0 − 3
2

1
2

f̄2; l̄c2 0 − 1
2

0 0 0 1
2

0 3
2

− 1
2

f̄3; l̄c3 0 0 1
2

0 1
2

1
2

0 3
2

1

f̄5; l̄c5 0 − 1
2

0 0 0 1
2

0 3
2

− 1
2

h1 1 0 0 0 0 −3 1 1 0

h̄1 −1 0 0 0 0 3 −1 −1 0

h2 0 1 0 0 0 −1 0 −3 1

h̄2 0 −1 0 0 0 1 0 3 −1
h3 0 0 1 0 0 2 1 1 1

h̄3 0 0 −1 0 0 −2 −1 −1 −1
h45 − 1

2
− 1

2
0 0 0 2 − 1

2
1 − 1

2

h̄45 1
2

1
2

0 0 0 −2 1
2

−1 1
2

TABLE II. The singlet fields and their transformation proper-
ties under GUð1Þ, UA, and three orthogonal linear combinations of
interest (U0;U00;U000).

U1 U2 U3 U4 U5 UA U0 U00 U000

Φ12 −1 1 0 0 0 2 −1 −4 1

Φ̄12 1 −1 0 0 0 −2 1 4 −1
Φ23 0 −1 1 0 0 3 1 4 0

Φ̄23 0 1 −1 0 0 −3 −1 −4 0

Φ31 1 0 −1 0 0 −5 0 0 −1
Φ̄31 −1 0 1 0 0 5 0 0 1

ϕ45
1
2

1
2

1 0 0 0 3
2

2 3
2

ϕ̄45 − 1
2

− 1
2

−1 0 0 0 − 3
2

−2 − 3
2

ϕþ 1
2

− 1
2

0 0 1 −2 − 1
2

4 1
2

ϕ̄þ − 1
2

1
2

0 0 −1 2 1
2

−4 − 1
2

ϕ− 1
2

− 1
2

0 0 −1 0 3
2

0 − 3
2

ϕ̄− − 1
2

1
2

0 0 1 0 − 3
2

0 3
2

ϕ3;4
1
2

− 1
2

0 0 0 −1 1
2

2 − 1
2

ϕ̄3;4 − 1
2

1
2

0 0 0 1 − 1
2

−2 1
2

η1;2 0 0 0 1 0 0 0 0 0

η̄1;2 0 0 0 −1 0 0 0 0 0

Φ0;1;3;5 0 0 0 0 0 0 0 0 0
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then adding a one-loop correction to the D-term correspond-
ing to UA: DA → DA þ ϵM2, whereM is the reduced Planck
scale and ϵ ¼ g2TrUA=192π2 [64].
The mass spectrum of all states in the accompanying

tables can be obtained through a complex procedure by
considering trilinear and nonrenormalizable contributions to
the superpotential, and likewise to the masses and inter-
actions [47]. However, this procedure does not provide a
unique outcome since the vacuum expectation values
(VEVs) of the singlet fields in Table II are unknown, though
constrained by the anomalous UA cancellation conditions.
The objective here is to generate an electroweak-scale

spectrum that is closely comparable to the Minimum
Supersymmetric Standard Model (MSSM). Relevant studies
can be found in Refs. [47,50]. Two scenarios are studied here
that possess an anomaly free leptophobic Uð1ÞLP gauge
symmetry [47,50].

A. The first scenario

The U4ð1Þ gauge symmetry is traceless (anomaly-free),
and hence does not participate in the UAð1Þ cancellation
mechanism (unbroken). Specifically, U4ð1Þ is leptophobic
since the leptons f̄2;3;5 and l̄c2;3;5 are not charged under it
from Table I. It is however interesting to note that F0 and
F1 are indeed charged under U4ð1Þ. The U4ð1Þ and UYð1Þ
do not mix though: the Higgs doublets, which break the
electroweak symmetry, are neutral under U4 (see hi; h̄i in
Table I). The mixing via gauge kinetic functions cannot be
realized due to TrðYU4Þ ¼ 0. This factor “protects” the
leptophobia, as otherwise the leptons would experience
their U4 charges shifted away from zero.
Under the assumption that F0 and F1 contain the first

two generations of the SM quarks, the U4 can remain
unbroken during the SUð5Þ ×Uð1ÞX symmetry breaking at
the usual grand unified theory (GUT) scale. The U4

symmetry may be broken radiatively at low energy if the
singlet fields η1;2 and η̄1;2, which solely carry the U4

charges (see Table II), acquire suitable dynamical VEVs.
Although this Z0 can explain the dijet excess, it cannot
explain the WW excess since it clearly does not mix with
the Z boson. However, the top-quark Yukawa coupling is
forbidden by the Uð1ÞLP gauge symmetry.

B. The second scenario

Three linear combinations of U1;2;3;5 are orthogonal to
UA ¼ U1 − 3U2 þ U3 þ 2U5 and traceless. Without loss of
generality, we can choose the following basis: U0

1 ¼ U3þ
2U5, U0

2 ¼ U1 − 3U2, U0
3 ¼ 3U1 þ U2 þ 4U3 − 2U5.

Since the leptons transform as f̄2;5;lc
2;5∶ð0; 32 ;− 1

2
Þ;

f̄3;lc
3∶ð32 ; 0; 1Þ under U0

i, there is a unique leptophobic
linear combination of U0

i: U0 ∝ 2U0
1 − U0

2 − 3U0
3 ∝ U1þ

U3 − U5. The U0 gauge symmetry is by construction
anomaly-free and leptophobic, and some of the Higgs
pentaplets are charged under it (i.e., mixed). The charges of
all fields under U0 are given in the tables, along with two
extra traceless combinations which can be chosen as U00 ¼
U1 − 3U2 þ U3 þ 2U5 and U000 ¼ U2 þ U3 þ U5. From the
tables we find that only a very limited set of fields is neutral
under U0

F2; F̄5;Φ31; Φ̄31; T1; T2; T3; D3; D7; ð2Þ

and therefore their VEVs will not break the U0 gauge
symmetry. The challenge is whether the usual D- and
F-flatness conditions can be satisfied with such a limited set
of VEVs since it generally breaks the hidden sector gauge

TABLE III. The hidden SO(10) decaplets (10) Ti fields and
their transformation properties under GUð1Þ. In addition, we
present their charges under UA and three orthogonal linear
combinations of interest (U0;U00;U000).

U1 U2 U3 U4 U5 UA U0 U00 U000

T1 − 1
2

0 1
2

0 0 5
2

0 0 1
2

T2 − 1
2

− 1
2

0 0 − 1
2

5
2

0 0 −1
T3 − 1

2
0 1

2
0 0 5

2
0 0 1

2

TABLE IV. The hidden SUð4Þ fields and their transformation

properties under GUð1Þ.Di represent sixplets (6), whereas ( ~Fi;
~̄Fi)

represent tetraplets (4; 4̄). Moreover, we present the charges under
UA and three orthogonal linear combinations of interest
(U0;U00;U000).

U1 U2 U3 U4 U5 UA U0 U00 U000

D1 0 − 1
2

1
2

1
2

0 3
2

1
2

2 0

D2 0 − 1
2

1
2

− 1
2

0 3
2

1
2

2 0

D3 − 1
2

0 1
2

0 0 5
2

0 0 1
2

D4 − 1
2

− 1
2

0 0 3
2

3
2

−1 2 0

D5 0 − 1
2

1
2

0 0 3
2

1
2

2 0

D6 0 1
2

− 1
2

0 0 − 3
2

− 1
2

−2 0

D7
1
2

0 − 1
2

0 0 − 5
2

0 0 − 1
2

~F1 − 1
4

1
4

− 1
4

0 − 1
2

1
2

0 − 9
4

− 1
2

~F2
1
4

1
4

− 1
4

0 1
2

−2 − 1
2

1
4

1
2

~F3
1
4

− 1
4

− 1
4

0 1
2

− 3
2

− 1
2

7
4

0
~F4 − 1

4
3
4

1
4

0 0 1
2

0 − 9
4

1
~F5 − 1

4
1
4

− 1
4

0 1
2

− 1
2

−1 − 1
4

1
2

~F6 − 1
4

1
4

− 1
4

0 − 1
2

1
2

0 − 9
4

− 1
2

~̄F1 − 1
4

1
4

1
4

1
2

− 1
2

3
2

1
2

− 7
4

0
~̄F2 − 1

4
1
4

1
4

− 1
2

− 1
2

3
2

1
2

− 7
4

0
~̄F3

1
4

− 1
4

1
4

0 − 1
2

1
2

1 1
4

− 1
2

~̄F4 − 1
4

1
4

1
4

0 − 1
2

3
2

1
2

− 7
4

0
~̄F5 − 1

4
− 1

4
1
4

0 − 1
2

2 1
2

− 1
4

− 1
2

~̄F6 − 3
4

1
4

− 1
4

0 0 3
2

−1 − 7
4

0
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groups. This problem may be solved if one introduces the
nonrenormalizable superpotential [50].
It can be verified that if TrðYU0Þ ¼ 0, then U0 can indeed

remain unbroken down to low energy, thus permitting the U0
charges to remain unshifted and the leptophobia protected.
Moreover, only F2 and F̄5 can break the SUð5Þ ×Uð1ÞX
gauge symmetry since they are not charged under U0. Unlike
the previous studies [47] where F4 contains the third-
generation quarks, we consider F0, F1, and F3 as the first,
second and third generations, respectively. Additionally, F4

and F̄4 can form vectorlike particles at the intermediate scale
such that string-scale gauge coupling unification can be
achieved [48]. For the pentaplet Higgs fields hi and h̄i, for
simplicity, we assume that h2 and h̄2 are vectorlike and have
mass around the usual GUT or string scale. Moreover, the
triplets in the (h1, h̄1) and (h3, h̄3) will be light at low energy
since they are charged under Uð1ÞLP. Therefore, in the low-
energy supersymmetric SM, therewill be two pairs of Higgs
doublets and two pairs of Higgs triplets. In particular,Hd is a
linear combination of h1 and h3, while Hu is a linear
combination of h̄1 and h̄3 and its dominant component is
h̄3. Notably, (h1, h̄1) and (h3, h̄3) are charged underUð1ÞLP,
and thenZ andZ0 aremixed after theHiggs fields acquire the
VEVs. Given this scenario, we could explain the diboson
and dijet excesses [7]. In particular, unlike the first scenario,
the top-quark Yukawa coupling F3f̄3h̄3 is allowed by the
Uð1ÞLP gauge symmetry. And the down-type quark Yukawa
couplings such as F0F0h1, F0F1h1, and F1F1h1 can be
realized at renormalizable level. While all the other SM
fermion Yukawa couplings should be generated via high-
dimensional operators. Furthermore, for simplicity, we
assume that all the Higgs fields except the SM-like Higgs
field are heavy and then are still undetected at the LHC.

III. LEPTOPHOBIC Z0 FROM SUð4ÞC × SUð2ÞL ×
SUð2ÞR × Uð1ÞX ON D-BRANES

A phenomenologically interesting intersecting D-brane
model has been studied in Refs. [57,58]. A variation of this
model with a different hidden sector was also studied in
Refs. [59,60]. The full gauge symmetry of the model
is given by ½Uð4ÞC ×Uð2ÞL ×Uð2ÞR�observable × ½Uð2Þ×
USpð2Þ2�hidden, with the matter content shown in
Tables V and VI. Note that in Table V, a, b, c, etc. refer
to different stacks of D-branes which wrap cycles of the
compactified manifold and which generically intersect at
angles. A stack of 2N D-branes results in a UðNÞ gauge
group in the world volume of each stack. Strings localized
at the intersection between two stacks result in massless
fermions in the bifundamental representation of the gauge
group of each stack. Vectorlike matter may also be present
between stacks which do not intersect, again in the
bifundamental representation of each stack’s gauge group.
Since UðNÞ ¼ SUðNÞ ×Uð1Þ, associated with each of

the stacks a, b, c, and d are Uð1Þ gauge groups, denoted as
Uð1Þa, Uð1Þb, Uð1Þc, and Uð1Þd. In general, these Uð1Þ s
are anomalous. The anomalies associated with these Uð1Þs
are canceled by a generalized Green-Schwarz (GS) mecha-
nism that involves untwisted R-R forms. As a result, the
gauge bosons of these Abelian groups generically become
massive. The GS couplings determine the exact linear
combinations of Uð1Þ gauge bosons that become massive.
Some linear combinations may remain massless if certain
conditions are satisfied.
As shown in Ref. [59], precisely one linear combination

of the present model remains massless and anomaly-free:

Uð1ÞX ¼ Uð1Þa þ 2½Uð1Þb þUð1Þc þ 3Uð1Þd�: ð3Þ

TABLE V. The chiral superfields, their multiplicities and quantum numbers under the gauge symmetry ½Uð4ÞC×
Uð2ÞL ×Uð2ÞR�observable × ½Uð2Þ ×USpð2Þ2�hidden, where QX ¼ Qa þ 2ðQb þQc þ 3QdÞ. Here a, b, c, etc. refer
to different stacks of D-branes.

Multiplicities Quantum Number Qa Qb Qc Qd QX Field

ab 3 ð4; 2̄; 1; 1; 1; 1Þ 1 −1 0 0 −1 FLðQL; LLÞ
ac 3 ð4̄; 1; 2; 1; 1; 1Þ −1 0 1 0 1 FRðQR; LRÞ
bd 1 ð1; 2̄; 1; 2; 1; 1Þ 0 −1 0 1 4 Xbd

cd 1 ð1; 1; 2; 2̄; 1; 1Þ 0 0 1 −1 −4 Xcd

b4 3 ð1; 2̄; 1; 1; 1; 2Þ 0 −1 0 0 −2 Xi
b3

c3 3 ð1; 1; 2; 1; 2̄; 1Þ 0 0 1 0 2 Xi
c3

d3 1 ð1; 1; 1; 2̄; 2; 1Þ 0 0 1 −1 −6 Xcd

d4 1 ð1; 1; 1; 2; 1; 2̄Þ 0 0 1 1 6 Xcd

bS 2 (1,3,1,1,1,1) 0 2 0 0 4 Ti
L

bA 2 ð1; 1̄; 1; 1; 1; 1Þ 0 −2 0 0 −4 SiL
cS 2 ð1; 1; 3̄; 1; 1; 1Þ 0 0 0 −2 −4 Ti

R

cA 2 (1,1,1,1,1,1) 0 0 2 0 4 SiR
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Thus, the effective gauge symmetry of the model at the
string scale is given by

SUð4ÞC × SUð2ÞL × SUð2ÞR ×Uð1ÞX
× ½SUð2Þ ×USpð2Þ2�: ð4Þ

As can be seen from Table V, the superfields Fi
LðQL; LLÞ

carry charge QX ¼ −1, the superfields Fi
RðQR;LRÞ carry

charge QX ¼ þ1. In addition, there are the Higgs super-
fields Hi

u, Hi
d in the bc sector which are uncharged under

Uð1ÞX while the Higgs superfieldsHu,Hd in the bc0 sector
carry charges QX ¼ �4 respectively.
It should be noted that the Yukawa couplings with the

Higgs superfields Hi
u, Hi

d are allowed by the global Uð1Þ
charges. The resulting Yukawa mass matrices for quarks
and leptons are of rank 3, and it has been shown that it is
possible to obtain the correct masses and mixings for all
quarks and leptons [57,58]. On the other hand, the Yukawa
couplings with the Higgs superfields from the bc0 sector
Hu, Hd are forbidden. In addition we may form a μ-term
in the superpotential of the form In addition we may form a
μ-term in the superpotential of the form

Wμ ¼
yijkl

MSt
SiLS

j
RH

k
uHl

d; ð5Þ

which is TeV-scale, where SjR receive string-scale VEVs,
MSt is the string scale, and the VEVs of SiL are TeV-scale.

The μ-term may be fine-tuned so that only a pair of Higgs
eigenstates Hu and Hd remain light, as in the MSSM.
The gauge symmetry is first broken by splitting the

D-branes as a → a1þ a2 with Na1 ¼ 6 and Na2 ¼ 2, and
c → c1þ c2 with Nc1 ¼ 2 and Nc2 ¼ 2. After splitting the
D6-branes, the gauge symmetry of the observable sector is

SUð3ÞC×SUð2ÞL×Uð1ÞI3R×Uð1ÞB−L×Uð1Þ3BþL; ð6Þ

where

Uð1ÞI3R ¼ 1

2
ðUð1Þc1 − Uð1Þc2Þ;

Uð1ÞB−L ¼ 1

3
ðUð1Þa1 − 3Uð1Þa2Þ; ð7Þ

and

Uð1Þ3BþL ¼ −½Uð1Þa1 þ Uð1Þa2 þ 2ðUð1Þb þ Uð1Þc1
þ Uð1Þc2 þ 3Uð1ÞdÞ�; ð8Þ

and Uð1Þ3BþL ¼ −Uð1ÞX.
The gauge symmetry must be further broken to the

SM, with the possibility of one or more additional Uð1Þ
gauge symmetries. In particular, the Uð1ÞB−L ×Uð1ÞI3R ×
Uð1Þ3BþL gauge symmetry may be broken by assigning
VEVs to the right-handed neutrino fields Ni

R. In this case,
the gauge symmetry is broken to

TABLE VI. The vectorlike superfields, their multiplicities and quantum numbers under the gauge symmetry
½Uð4ÞC × Uð2ÞL ×Uð2ÞR�observable × ½Uð2Þ × USpð2Þ2�hidden, where QX ¼ Qa þ 2ðQb þQc þ 3QdÞ. Here a, b, c,
etc. refer to different stacks of D-branes.

Multiplicities Quantum Number Qa Qb Qc Qd QX Field

ab0 3 (4,2,1,1,1,1) 1 1 0 0 3 Ωi
L

3 ð4̄; 2̄; 1; 1; 1; 1Þ −1 −1 0 0 −3 Ω̄i
L

ac0 3 (4,1,2,1,1,1) 1 0 1 0 3 Φi

3 ð4̄; 1; 2̄; 1; 1; 1Þ −1 0 −1 0 −3 Φ̄i

ad 2 ð4; 1; 1; 2̄; 1; 1Þ 1 0 0 −1 −5 φi

2 ð4̄; 1; 1; 2; 1; 1Þ −1 0 0 1 5 φ̄i

ad0 1 (4,1,1,2,1,1) 1 0 0 1 7 ς

1 ð4̄; 1; 1; 2̄; 1; 1Þ −1 0 0 −1 −7 ς̄

bc 6 ð1; 2; 2̄; 1; 1; 1Þ 0 1 −1 0 0 HiðHu;HdÞ
6 ð1; 2̄; 2; 1; 1; 1Þ 0 −1 1 0 0 H̄iðH̄u; H̄dÞ

bc0 1 (1,2,2,1,1,1) 0 1 1 0 4 HðHu;HdÞ
1 ð1; 2̄; 2̄; 1; 1; 1Þ 0 −1 −1 0 −4 H̄ðH̄u; H̄dÞ

bd0 1 (1,2,1,2,1,1) 0 1 0 1 8 ξ

1 ð1; 2̄; 1; 2̄; 1; 1Þ 0 0 −1 −1 −8 ξ̄

cd0 1 (1,1,2,2,1,1) 0 1 0 1 8 ψ

1 ð1; 1; 2̄; 2̄; 1; 1Þ 0 0 −1 −1 −8 ψ̄
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½SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞB�observable½SUð2Þ
×USpð2Þ2�hidden ð9Þ

where

Uð1ÞY ¼ 1

6
½Uð1Þa1 − 3Uð1Þa2 þ 3Uð1Þc1 − 3Uð1Þc2�

¼ 1

2
Uð1ÞB−L þ Uð1ÞI3R: ð10Þ

and

Uð1ÞB ¼ 1

4
½Uð1ÞB−L þUð1Þ3BþL�

¼ −
�
1

6
Uð1Þa1 þ

1

2
ðUð1Þa2 þ Uð1Þb þUð1Þc1

þ Uð1Þc2 þ 3Uð1ÞdÞ
�
: ð11Þ

We will assume that all exotic matter, shown in
Table VIII, may become massive, as shown in Ref. [60].

The resulting low-energy field content is shown in
Tables VII and along with their charges under Uð1ÞI3R,
Uð1ÞB−L, Uð1Þ3BþL, Uð1ÞY , and Uð1ÞB. Note that the
quarks are charged under Uð1ÞB, but the leptons are not.
The extra gauge symmetry Uð1ÞB may then be sponta-

neously broken if the SM singlet fields SiL, which carry a
charge of þ1 under Uð1ÞB obtain VEVs at some scale
Λ ¼ OðTeVÞ. Thus, the model may possess a leptophobic
Z0 boson with an OðTeVÞ mass. In order to explain the
diboson excess observed by ATLAS, we will take this scale
to be 2–3 TeV.
The electroweak symmetry is broken when some of the

Higgs fields obtain VEVs. In order to obtain masses and
mixings for the quarks and leptons, we will assume that the
dominate VEVs are acquired by the Higgs fields Hi

u;Hi
d in

the bc sector which are uncharged under Uð1ÞB. As noted
previously, the Yukawa couplings for quarks and leptons
via these Higgs fields are present, and realistic masses and
mixings may be obtained. The Yukawa couplings with the
Higgs fields Hu;Hd from the bc0 sector, which carry
charges of �1 under Uð1ÞB ≡Uð1ÞLP respectively, that

TABLE VII. The chiral superfields, their multiplicities and quantum numbers under the gauge symmetry
½SUð3ÞC × SUð2ÞL ×Uð1ÞY × Uð1ÞB�observable × ½SUð2Þ × USpð2Þ2�hidden.

Multiplicities Quantum Number QI3R QB−L Q3BþL QY QB Field

a1b 3 ð3; 2̄; 1; 1; 1; 1; 1Þ 0 1=3 1 1=6 1=3 QL

a1c2 3 ð3̄; 1; 1; 1; 1; 1; 1Þ −1=2 −1=3 −1 −2=3 −1=3 UR

a1c1 3 ð3̄; 1; 1; 1; 1; 1; 1Þ 1=2 −1=3 −1 1=3 −1=3 DR

a2b 3 ð1; 2̄; 1; 1; 1; 1; 1Þ 0 −1 1 −1=2 0 L
a2c1 3 (1,2,1,1,1,1,1) 1=2 1 −1 1 0 ER

a2c2 3 (1,2,1,1,1,1,1) −1=2 1 −1 0 0 NR

bc1 6 (1,2,1,1,1,1,1) −1=2 0 0 −1=2 0 Hi
d

bc2 6 (1,2,1,1,1,1,1) 1=2 0 0 1=2 0 Hi
u

bc10 1 ð1; 2̄; 1; 1; 1; 1; 1Þ −1=2 0 4 −1=2 1 Hd

bc20 1 ð1; 2̄; 1; 1; 1; 1; 1Þ 1=2 0 4 1=2 1 Hu

TABLE VIII. The chiral hidden sector superfields, their multiplicities and quantum numbers under the gauge
symmetry ½SUð3ÞC × SUð2ÞL ×Uð1ÞY × Uð1ÞB�observable × ½SUð2Þ × USpð2Þ2�hidden.

Mult. Quantum Number QI3R QB−L Q3BþL QY QB Field

bd 1 ð1; 2̄; 1; 2; 1; 1; 1Þ 0 0 −4 0 −1 Xbd

c1d 1 ð1; 1; 1; 2̄; 1; 1; 1Þ 1=2 0 4 1=2 1 Xc1d

c2d 1 ð1; 1; 1; 2̄; 1; 1; 1Þ −1=2 0 4 −1=2 1 Xc2d

b4 3 ð1; 2̄; 1; 1; 1; 2; 1Þ 0 0 −2 0 −1=2 Xi
b3

c13 3 ð1; 1; 1; 1; 1; 2̄; 1Þ 1=2 0 −2 1=2 −1=2 Xi
c13

c23 3 ð1; 1; 1; 1; 1; 2̄; 1Þ −1=2 0 −2 −1=2 −1=2 Xi
c23

d3 1 ð1; 1; 1; 1; 2̄; 2; 1Þ 0 0 −6 0 −3=2 Xcd

d4 1 ð1; 1; 1; 1; 2; 1; 2̄Þ 0 0 −6 0 −3=2 Xcd

bS 2 (1,3,1,1,1,1,1) 0 0 −4 0 −1 Ti
L

bA 2 (1,1,1,1,1,1,1,1) 0 0 4 0 1 SiL
cS 2 (1,1,1,1,1,1) 0 0 −4 0 −1 Ti

R
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these fields may also obtain a subdominant VEV with
respect to the Higgs fields in the bc sector. The Z and Z0
bosons will then be mixed as a result. Thus, we might
explain the diboson and dijet excesses [7].
Clearly, the requirement that a Higgs field be charged

under the leptophobic Uð1Þ in order to obtain mixing
between the Z and Z0 bosons results in the Yukawa
couplings with this Higgs field being forbidden, which
seems to be a generic problem for models of this type. In
the present context, this leads to the requirement of an
extended Higgs sector with some Higgs fields charged
underUð1ÞB and some which are not for which the Yukawa
couplings are present. Specifically, the Yukawa couplings
with Higgs fields in the bc sector are allowed by the global
Uð1Þ charges carried by these fields:

WY ¼ yijkU Hi
uQ

j
LU

k
R þ yijkD Hi

dQ
j
LD

k
R þ yijkν Hi

uL
j
LN

k
R

þ yijke Hi
dL

jEk
R; ð12Þ

while the Yukawa couplings with the extra Higgs fieldsHu
andHd from the bc0 sector which are charged under Uð1ÞB
are perturbatively forbidden. We assume that these extra
Higgs fields have masses so that they have not been
observed at the LHC. We shall defer a detailed study of
such extra Higgs bosons to later work.

IV. DIBOSON SIGNALS AT THE 8 TEV LHC

The production of a leptophobic Z0 boson at the 8 TeV
LHC is strongly constrained by three independent search
regions: Z0 → jj [14], Z0 → tt̄ [65], and Z0 → Zh [4].
Given the anomaly free nature of the Z0 boson described
i n the models presented here, the Z0 → ZZ and Z0 → Zγ
are forbidden. Therefore, we only apply the following three
constraints:

σðpp → Z0Þ × BrðZ0 → jjÞ ∼ 91þ53
−45 fb ð1σ fitÞ ð13Þ

σðpp → Z0Þ × BrðZ0 → tt̄Þ ≲ 11ð18Þ fb ð95% C.L.Þ ð14Þ

σðpp → Z0Þ × BrðZ0 → ZhÞ≲ 7 fb ð95% C.L.Þ: ð15Þ

The σðpp → Z0Þ × BrðZ0 → jjÞ ∼ 91þ53
−45 fb constraint con-

sists of a 1σ fitted cross section [14], thus we also consider
a more relaxed alternative. Softening these 1σ boundaries,
we shall also observe the result of applying only a
90% C.L. upper bound of σðpp → Z0Þ × BrðZ0 → jjÞ ≲
170 fb [14]. The upper limit on tt̄ resonances of 11 fb
established by the CMS experiment [65] corresponds to a
decay width of 20 GeV for a 2 TeV Z0 boson, whereas the
18 fb upper limit correlates to a 200 GeV decay width,
though we shall generally only regard the less stringent
18 fb constraint in this analysis when phenomenologically
constraining the gauge coupling gZ0 .

The calculation of the partial decay widths requires the
quark and Higgs field charges on the leptophobic Uð1ÞLP.
The quark decay width is given by [7]

ΓðZ0 → qq̄Þ ¼ g2Z0NC

24π
MZ0

�
Q2

LPqL
þQ2

LPqR
− ðQLPqL

−QLPqR
Þ2
�
mq

MZ0

�
2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4

�
mq

MZ0

�
2

s
ð16Þ

where gZ0 is theUð1ÞLP gauge coupling, NC ¼ 3 represents
the number of colors, and QLPqL

, QLPqR
are the left- and

right-handed charges of the quark content on Uð1ÞLP. Here
we take MZ0 ¼ 2 TeV and mt ¼ 174.4 GeV [66,67]. The
ΓðZ0 → WþW−Þ decay width can be computed from [7]

ΓðZ0 → WþW−Þ ¼ g2Z0

48π
MZ0Q2

LPHu
sin4β ð17Þ

with QLPHu
as the Higgs field charge on Uð1ÞLP, and β the

angle between the up and down Higgs VEVs. The
equivalence theorem suggests for a heavy Z0 boson in
the decoupling limit that

ΓðZ0 → ZhÞ ¼ ΓðZ0 → WþW−Þ ð18Þ

indicating that the branching ratio for these two decay
modes are equivalent. As a result, application of the strong
upper limit σðpp → Z0Þ × BrðZ0 → ZhÞ≲ 7 fb likewise
tightly constrains our Z0 → WþW− production as well.
Proper normalization is required for accurateUð1ÞLP gauge
coupling evolution, presumably achieving unification with
the SUð3ÞC, SUð2ÞL, and Uð1ÞY gauge couplings at the
GUT scale. For the flipped SUð5Þ × Uð1ÞX models, the
explicit normalization factor is 1

3
. All massless fields have

conformal dimension 1, generating the transformation
Q0 → Q0=

ffiffiffi
3

p
, where Q0 are the charges on U0 given in

Tables I, II, III, and IV. Therefore, the U0 gauge coupling
evolves according to the beta function b0 ¼ 1

3
TrðQ0Þ2. For

convenience, this factor of 1
3
in the decay widths is

introduced directly into the calculation of the σðpp →
Z0Þ cross section in our numerical results via a normali-
zation factor n in Eq. (19), explicitly implementing n ¼ 1

3

for flipped models. For the intersecting D-brane model, an
explicit normalization factor on Uð1ÞB it not yet known,
though it is expected that it is of unity order, hence, we
assume any normalization of Oð1Þ is already assimilated
into the phenomenologically constrained value of the
Uð1ÞB gauge coupling gZ0 . We thus apply n ¼ 1 in
Eq. (19) for intersecting D-branes. An estimate of the
8 TeV LHC cross section for Z0 boson production is given
as [7,27,68]
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σðpp → Z0Þ

≃ n ×

�
5.2

�
2ΓðZ0 → uūÞ þ ΓðZ0 → dd̄Þ

GeV

��
fb ð19Þ

using the decay widths given in Eq. (16).
The charges of the MSSM content on U0 are given in

Table I for leptophobic flipped SUð5Þ ×Uð1ÞX models.
The matter fields F3, F1, and F4 represent the first, second,
and third generations, respectively, and h̄1 contains Hu.
Thus, to compute the decay widths and branching ratios,
the U0 ¼ Uð1ÞLP charges used are QLPuL

¼ QLPuR
¼

QLPdL
¼ QLPdR

¼ 1, QLPcL
¼ QLPcR

¼ QLPsL
¼ QLPsR

¼
− 1

2
, QLPtL

¼QLPtR
¼QLPbL

¼QLPbR
¼−1

2
, and QLPHu

¼−1.

A review of Table I containing the MSSM content charges
in the observable sector for the flipped SUð5Þ ×Uð1ÞX
model shows there are no electrically neutral particles at the
electroweak scale charged on U0, hence there are no
invisible decays. The only Z0 decay modes present then
are Z0 → jj, Z0 → tt̄, Z0 → WW, and Z0 → Zh. Though the
No-scale supergravity boundary conditions at the unifica-
tion scale are not applied here, we do implement a preferred
no-scale supergravity angle β using tan β ¼ 25 [69]. The
decay widths were computed with both tanβ ¼ 5 and
tanβ ¼ 25, resulting in only a mere ∼5% increase in the
cross section for the larger tanβ, a safely negligible delta for
our purposes here. Given this lack of significant variation in
the cross section as a function of β, there is essentially only

TABLE IX. Computed branching ratios for Z0 boson decay for the four channels realized in leptophobic flipped
SUð5Þ ×Uð1ÞX and intersecting D-brane models. Given the absence of any electrically neutral particles at the
electroweak scale in either model, there are no invisible decay modes.

BrðZ0 → jjÞ BrðZ0 → tt̄Þ BrðZ0 → WþW−Þ BrðZ0 → ZhÞ
Flipped SUð5Þ × Uð1ÞX 0.870 0.078 0.026 0.026
Intersecting D-branes 0.670 0.130 0.100 0.100

FIG. 1. Depiction of the cross section σ as a function of the Z0 boson gauge coupling gZ0 on Uð1ÞLP for the flipped SUð5Þ × Uð1ÞX
models (left frame) and the intersecting D-brane model (right frame). Here we only consider the LHC constraints
σðpp → Z0Þ × BrðZ0 → jjÞ ∼ 91þ53

−45 fb, σðpp → Z0Þ × BrðZ0 → ZhÞ≲ 7 fb, and the 200 GeV decay width tt̄ constraint of
σðpp → Z0Þ × BrðZ0 → tt̄Þ≲ 18 fb. Those gZ0 satisfying these three constraints are shown as solid, thick sections of the curves,
with the intersection marked by the cross-hatched region, where gZ0 ∼ 0.25–0.45 for the flipped models and gZ0 ∼ 0.5 for D-branes. If the
LHC constraint on Z0 → jj is relaxed to only an upper limit of σðpp → Z0Þ × BrðZ0 → jjÞ≲ 170 fb, then loose model constraints of
gZ0 ≲ 0.49 for flipped models and gZ0 ≲ 0.50 for D-branes are obtained.
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one free-parameter remaining, the Z0 gauge coupling gZ0 .
Therefore, we phenomenologically constrain the value of
gZ0 using the LHC constraints on Z0 → jj, Z0 → tt̄, and
Z0 → Zh. The branching ratios are independent of variation
in gZ0 , with the results of the computations for the flipped
SUð5Þ × Uð1ÞX models given in Table IX.
Observe in Table VII containing the MSSM content

charges for intersecting D-branes that there are no electri-
cally neutral particles at the electroweak scale charged on
Uð1ÞB, hence there are also no invisible decays in the
D-brane model. Likewise, the only Z0 decay modes present
then are Z0 → jj, Z0 → tt̄, Z0 → WW, and Z0 → Zh. To
calculate the decay widths and branching ratios, the
Uð1ÞB ¼ Uð1ÞLP charges employed are QLPQL

¼ 1=3,
QLPUR

¼ QLPDR
¼ −1=3, and QLPHu

¼ 1. As with the
flipped SUð5Þ ×Uð1ÞX models, the value of gZ0 is con-
strained via the LHC constraints. We use tanβ ¼ 25 for
D-branes also. The intersecting D-brane branching ratios
are included in Table IX.
The value of the Z0 gauge coupling gZ0 is freely floated

prior to application of the LHC constraints given in
Eqs. (13)–(15). The individual cross sections as a function
of the Z0 gauge coupling are shown in Fig. 1 for both the
flipped SUð5Þ × Uð1ÞX and intersecting D-brane models.
The dashed and dotted lines in Fig. 1 represent all values
of the gauge couplings, while the thick, solid sections are
only those values of gZ0 that satisfy the constraints of

Eqs. (13)–(15). It is clear that implementation of the Z0 →
jj fitted 1σ deviation very tightly constrains the value of the
Uð1ÞLP gauge coupling to gZ0 ∼ 0.25–0.45 for the flipped
models and gZ0 ∼ 0.50 for D-branes. While these tight model
constraints on gZ0 are rather predictive, particularly for
intersecting D-branes, it does leave little room for deviation
in the event future enhancements of the constraints are
necessary. Given the modest accumulation of only about
20 fb−1 of luminosity thus far at 8 TeV, and awaiting the
forthcoming deluge of data extracted from the 13=14 TeV
beam collision energies, we alternatively relax the Z0 → jj
constraint to only an upper limit on the cross section of
σðpp → Z0Þ × BrðZ0 → jjÞ≲ 170 fb. This releases the
lower values of gZ0 as viable candidates, providing loose
model constraints of gZ0 ≲ 0.49 for flipped models and gZ0 ≲
0.50 for D-branes. The 13=14 TeV data allocation arriving
in the year 2015 and beyond shall reduce the experimental
measurement uncertainties and should ultimately merge the
tight and loose model constraints presented here.
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