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The ATLAS collaboration reported excesses at around 2 TeV in the diboson production decaying into
hadronic final states. We consider the possibility of explaining the excesses with extra gauge bosons in two
simple non-Abelian extensions of the standard model. One is the so-called G(221) models with a symmetry
structure of SU(2), ® SU(2), ® U(1)y and the other is the G(331) models with an extended symmetry
of SUB)-® SU(3), ® U(1)x. The W' and Z' bosons emerge after the electroweak symmetry is
spontaneously broken. Two patterns of symmetry breaking in the G(221) models are considered in
this work: one is SU(2), ® SU(2), ® U(1)y — SU(2), ® U(1l)y, the other is SU(2), ® SU(2), ®
U(l)y - SU(2), ® U(1),. The symmetry breaking of the G(331) model is SU(3), ®
U(l)y = SU(2), @ U(1)y. We perform a global analysis of W' and Z' phenomenology in ten new
physics models, including all the channels of W’/Z' decay. Our study shows that the leptonic mode and the
dijet mode of W'/Z’ decays impose a very stringent bound on the parameter space in several new physics
models. Such tight bounds provide a useful guide for building new physics models to address on the
diboson anomalies. We also note that the left-right and leptophobic models can explain the 3.46WZ excess
if the 2.60 deviation in the W W~ pair around 2 TeV were confirmed to be a fluctuation of the SM

backgrounds.
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I. INTRODUCITON

Searches for new physics (NP) effects in the final state
of vector boson pairs have been carried out recently by
both ATLAS [1] and CMS [2,3] collaborations using the
technique of jet substructure. It was reported recently by the
ATLAS collaboration [1] that, using a data sample with
20 fb~! integrated luminosity, a 3.6 deviation is observed
in the invariant mass distribution of the WZ pair, which
requires a NP contribution to the cross section of the WZ
production as 6(WZ) ~4-8 fb. Also a 2.66 and 2.9¢
deviation is observed in the invariant mass distribution
of WW and ZZ pair production, respectively. The NP
contributions of 6(WW) ~ 3-7 fb and ¢(ZZ) ~ 3-9 fb are
needed to explain the excesses. All the three excesses occur
around 2 TeV in the invariant mass distribution of vector
boson pair.' The vector boson pair production is highly
correlated with the associated production of a vector boson
and Higgs boson. The CMS collaboration has obtained a
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The CMS collaboration also performed similar searches in the
diboson channel [2,3] but no excess was observed. In this study
we focus on the ATLAS results and explore the NP explanation of
those diboson excesses.
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bound on the cross section of WH and ZH productions [4],
o(WH) <7.1 fb and o(ZH) < 6.8 fb, respectively.

As the final state involves two gauge bosons, it is natural
to consider the excesses are induced by a spin-one reso-
nances in new physics (NP) beyond the SM. Those heavy
gauge bosons might arise from an extension of the SM with
additional non-Abelian gauge symmetry. It is interesting to
ask whether or not the deviation can be addressed by heavy
gauge bosons after one takes into account other precision
data. There has been recent excitement among theorists for
this measurement at the LHC [5-13].

In this work we consider two kinds of non-Abelian
gauge extension to the SM: one is the so-called G(221)
models with a symmetry of SU(2), ® SU(2), ® U(1l)x
[14-16] and the other is the G(331) model with a symmetry
of SUB)-® SU3), ® U(1)y [17,18]. Both charged
extra boson W’ and new neutral boson Z' arise after the
symmetry breaking. Several G(221) and G(331) models
are examined in this work. We demonstrate that the leptonic
decay and dijet decay modes of W'/Z' impose a very
stringent bound on the parameter space of those NP
models. In order to explain the WW/WZ excess under
the two simple extensions, the leptonic and dijet decay
modes of those extra gauge bosons need to be largely
reduced in a more complete NP theory.

There are a few bounds from the W’/Z' searches in their
fermionic decays at the LHC, e.g., for a 2 TeV W'/Z,
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TABLE 1. The charge assignments of the SM fermions under the G(221) gauge groups. Unless otherwise
specified, the charge assignments apply to all three generations.
Model SU(2), SU(2), U(l)y
1
Left-right (LR) (uL ) (vL ) ( Ug ) (VR ) 6 lfor quarks,
d;p ) \ep dp ) \ep — 5 for leptons
1
Leptophobic (LP) (“L ) (UL ) (u R ¢ for quarks,
dr /)’ \ep dg Ysu for leptons
Ysum f k
Hadrophobic (HP) ur vy VR M or quarks,
dp)’ \e e — 5 for leptons
L L R
Fermiophobic (FP) (uL) ( vy ) Yy for all fermions
dp /)’ \eg

Un-unified (UU)

~
QU=
= =
~—

Nonuniversal (NU) ( ug ) (Z/R )
dR 15t pnd ’ €r 15t ond

(I/R) Yy for all fermions
€R

ur vy
(dL)?,rd7 (eL)3rd

Y\ for all fermions

o(pp—27Z'/W' —jj)<102fb [19,20], o(pp —» Z' — 1) <
11 fb [21], 6(pp— Wy —1b) <1241b, 6(pp— W) —>1tb) <
1621fb [22], 6(pp > Z' — eTe™ /utu~) <0.2 b [23,24]
and 6(pp —> W' = ev/uv) <0.7 b [25,26]. We also take all
the above bounds into account and perform a global
analysis on each individual NP model.

It is hard to explain the ZZ excess in the simple non-
Abelian gauge extension of the SM. The difficulty has
been discussed extensively in Refs. [7,8,11]. For example,
having an extra neutral gauge boson decaying to the
ZZ mode would require the violation in P or CP symmetry
7]]. An alternative way is to introduce an extra scalar
which predominately decays into ZZ and WW pairs.
Unfortunately, the cross section of the scalar production
is usually too tiny to explain the ZZ excess [8]. Therefore,
we focus our attention on the WW and WZ excesses in
this work.

The paper is organized as follows. In Sec. II we briefly
review the G(221) models. In Sec. III we present the NLO
cross section of W’/Z' production at the LHC Run-1 and
the PDF uncertainties. In Sec. IV we focus our attention on
the first breaking pattern of G(221) and discuss the left-
right, leptophobic, hadrophobic and fermiophobic models.
In Sec. V we study the second breaking pattern of G(221)
and explore the phenomenology of the un-unified and
nonuniversal models. In Sec. VI we study the G(331)
model. Finally we conclude in Sec. VII.

II. G(221) MODELS

The G(221) model is the minimal extension of the SM,
which consists of both W’ and Z’, exhibits a gauge structure
of SU(2), ® SU(2), ® U(1)y, named as G(221) model
[14,27-43]. The model can be viewed as the low energy
effective theory of many NP models with extended gauge
structure when all the heavy particles other than the W’
and Z' bosons decouple. In particular, we consider several
G(221) models categorized as follows: left-right (LR)

[27-29,44], lepto-phobibc (LP), hadron-phobic (HP), fer-
mio-phobic (FP) [30,31,38], un-unified (UU) [32,33] and
nonuniversal (NU) [34-36,39]. The charge assignments of
the SM fermion in those models are listed in Table I.

We classify the G(221) models based on the pattern of
symmetry breaking and quantum number assignment of the
SM fermions. The symmetry breaking is assumed to be
induced by fundamental scalar fields whose quantum
number under the G(221) gauge group depends on the
breaking pattern. The NP models mentioned above fall into
the following two patterns of symmetry breaking:

(i) breaking pattern I (BP-I):

SU(2), is identified as the SU(2), of the SM. The
first stage of symmetry breaking SU(2), x U(1)y —
U(1)y occurs at the TeV scale, while the second
stage of symmetry breaking SU(2), x U(1), —
U(1),, takes place at the electroweak scale;

(ii) breaking pattern II (BP-II):

U(1)y is identified as the U(1), of the SM. The
first stage of symmetry breaking SU(2), xSU(2),—
SU(2), occurs at the TeV scale, while the second
stage of symmetry breaking SU(2), x U(1), —
U(1)., happens at the electroweak scale.

The W' and Z’ arise after the symmetry breaking at the TeV
scale. The most general interaction of the Z" and W’ to SM
fermions is

Ly= ZLJ_CJ’”(QLPL + grPRr)f
+ Wi fr'(g,PL + g Pr)f' + H.c., (1)

where P; p = (1 F y5)/2 are the usual chirality projectors.
For simplicity, we use g; and gi for both Z' and W’
bosons from now on. Note that throughout this work only
SM fermions are considered, despite in certain models
new heavy fermions are necessary to cancel gauge
anomalies.
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FIG. 1 (color online). The NLO cross section of pp — W'/Z’
with a sequential coupling as a function of My, calculated with
the CT14 NNLO PDFs at LHC Run-1. (a) The PDF uncertainty
bands and (b) the relative PDF uncertainties Ao /6 of 6y and 6%
and (rdz,, where 64, and oé, represent the cross sections induced by
up-type and down-type quark initial states, respectively.

III. THE W'/Z' PRODUCTION CROSS SECTION

The W’ and Z’ are produced singly through the Drell-Yan
process. Following the experimental searches, we adapt
the narrow width approximation (NWA) to factorize the
process of pp — W'/Z' — V,V, as follows:

o(pp >V - XY)=0(pp - V') @ BR(V' - XY)

=o(V') x BR(V' — XY), (2)
where X and Y denote the decay products of the V’ boson.
Next we consider a few G(221) models and discuss their
implications on the VV’ and VH productions.

An accurate theory prediction of the cross section of
W’ and Z' productions is crucial for disentangling the
NP signal from the SM backgrounds. We calculate the
quantum chromodynamics (QCD) corrections to cross
section of a sequential W’/Z' boson production at the
next-to-leading-order (NLO). For simplicity we set the
renormalization scale (1) and the factorization scale (1)
to be equal. The cross section exhibits two theoretical
uncertainties: one is from the parton distribution function
(PDF), the other is from the choice of u = up = up. In
this work we adapt the CT14 NNLO PDFs [45] to
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calculate the NLO QCD corrections to the cross section
of a sequential W’/Z' boson production ¢(W’'/Z’). The
57 sets of the CT14 NNLO PDFs are used to evaluate
the PDF uncertainties. Figure 1 displays o(W'/Z’) as a
function of My, . The default renormalization and
factorization scales are chosen as the mass of extra
gauge bosons up = pup = My ;7. As a rule of thumb,
we vary the scale u by a factor of 2 to estimate the higher
order corrections. The scale uncertainties are about 5% in
the W and Z' production, which are found to be much
smaller than the PDF uncertainties. We thus focus on the
PDF uncertainties of ¢(W’/Z'). Figure 1(a) shows the
NLO cross section of pp — W'/Z' and the corresponding
PDF uncertainties denoted by the shaded band as a
function of My, at the LHC Run-1. In order to model
the NP effects, we treat the up-type quark and down-type
quark initial states separately in the Z’' production; see
the Z/, and Z/, bands. The relative uncertainties of PDFs
are plotted in Fig. 1(b), which shows the uncertainties
are about 10% for My, ~TeV and 30% for
My 7 ~3 TeV. Following Ref. [46], we fit the theory
prediction of the cross section by a simple three param-
eter analytic expression,

log[%} :A(%>_l +B+ C(ﬁ—‘{/) (3)

where V' = W’'/Z'. The cross sections are normalized to
picobarn (pb) while My, to TeV. The fitting functions
of the production cross sections of W’ and Z' are

W': 4.59925 + 1.34518x~! — 3.37137x
Z!,:2.82225 + 1.51681x~! — 3.24437x
Z!,:2.88763 + 1.42266x~' —3.54818x, (4)

where x = My, /TeV.

To explain the diboson excess of the ATLAS collabo-
ration results, we consider a 2 TeV W’/Z' boson in this
work. The production cross sections of a sequential W'/Z’
boson at the LHC Run-1 are
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FIG. 2 (color online).

o4, [fb]

oz [fb]

Oy VErsus oz (a), oz, (b) and o4 (c) for My = M, = 2 TeV. The blue point represents the cross sections

calculated with 56 sets of PDFs while the red spot label the cross section evaluated with the central PDF.
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od = 229.67 + 32.54(PDF)[234 fb(scale),
632 = 54.50 + 7.74(PDF) 387 fb(scale),
052 = 30.25 £ 6.27(PDF)1} 7! fb(scale). (5)

The PDF uncertainties are ~14% for both 6(W’) and ¢(Z,)
while it is ~21% for ¢(Z!)). Using CT10 NLO PDFs [47]
slightly increases the PDF uncertainties. For example, the
uncertainty of 6(W’) and 6(Z},) are ~17% and that of 6(Z))
is about 24%. In this work we choose the benchmark points
shown in Eq. (5) as a reference to calculate the production
cross sections of W' and Z' in several NP models.

As the W’ and Z' are correlated in NP models with non-
Abelian extension gauge structures, we explore the corre-
lation between o(W’) and o(Z,, ;) for the 56 sets of CT14
NNLO PDFs. Figure 2 displays o(W’) versus 6(Z},) (a) and
o(Z!) (b) at the LHC Run-1. The red point represents the
cross section from the PDF set which the global fitting
variables with central values, while the blue points denote
the cross section from other PDF sets. The 56 PDF sets
yield a correlation between o(W’) and 6(Z/,). On the other
hand, the correlation is diluted in 6(W’) versus ¢(Z},). In
Fig. 2(c) we plot the production cross sections of the
sequential W’ and Z' boson, which exhibit a linear
correlation.

IV. G(211) MODELS: BREAKING PATTERN I

We first consider several NP models exhibiting the first
type symmetry breaking pattern. In the BP-I, SU(2), is
identified as the SU(2), of the SM. The first stage of
symmetry breaking SU(2), x U(1)y — U(1), occurs at
the TeV scale, which could be induced by a scalar doublet
field ® ~ (1,2,1/2), or a triplet scalar field £~ (1,3, 1)
with a vacuum expectation value (VEV) u. The explicit
form of the doublet and triplet as well as their vacuum
expectation values are given as follows:

(o) 050

S esn)
)

The second stage of symmetry breaking SU(2), xU(1), —
U(1),,, takes place at the electroweak scale. It is via another
scalar field H ~ (2,2,0) with two VEVs v, and v,, which
can be redefined as a VEV v = \/v? + v3 and a mixing
angle = arctan(v/v,). The detailed form of H and its
VEV are

() w2 o

5

PHYSICAL REVIEW D 92, 095025 (2015)

We denote g;, g, and gy as the coupling of SU(2),,
SU(2),, and U(1)y, respectively. In the BP-I, the three
couplings are

e e e
g=— = . gx = . (8)
SW Cws¢ ch¢

where sy, and cy are sine and cosine of the SM weak
mixing angle, while s, and ¢, are sine and cosine of the
new mixing angle ¢ = arctan(gy/g,) appearing after the
TeV symmetry breaking. After symmetry breaking both W’
and Z’ bosons obtain masses and mix with the SM gauge
bosons. Different electroweak symmetry breaking (EWSB)
patterns will induce different W' and Z' mass relations.
When the first stage breaking of BP-I is realized by the
doublet @, the masses of the W’ and Z’' are

2.2 2.2

ev e v
M2 = x+1), M2, =——(x+c),
W' 4C€VS%¢( ) z 4c%vs§,cé( 2

where x = u?/v%. Note that the precision data constraints
(including those from CERN LEP and SLAC SLC experi-
ment data) pushed the TeV symmetry breaking higher than
1 TeV. Therefore, we assume x is much larger than 1 and
approximate the predictions of physical observables by
taking Taylor expansion in 1/x. As a result, the masses of
W’ and Z' are almost degenerated in the region of ¢ ~ 1.

If the symmetry breaking is realized by the triplet X, the
7' mass is much larger than the W’ mass

2 2,2

2
e v e v
M, =——2x+1), M, =-——5=4x+c)).
w 4c%vs§)( ) z 4C%Vs§)c(2/)( )

(10)

The recent discovered excesses occur around My = M, ~
2 TeV [1]. That leads us to focus on the doublet
model throughout this work. The triplet model is studied
in Ref. [11].

After the second stage of symmetry breaking at the
electroweak scale, a non-Abelian coupling of the W’ and Z’
to the SM bosons are generated as follows:

1 é%s 2,82 — 8%
HW W, —-— g, 1+—( La w)
2ewswsy XSy
2022 _ 2
HZ 7 1 e’c, ) 1_cq,,(c(/,s‘,v—s{/))
ve=p- 2c2s P vp XSZ )
WO W9 g w
- €S2/;S(/,
WIw=7 . ,
HETPT xs3,
3
L eSyCwCy
+ (N
Wiz, =t (11)
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where the Lorentz index [¢"(k; — ky)” + ¢’ (ko — k3 ) +
¢* (ks —k;)*] in the three gauge boson couplings is
implied.

The detailed expressions of the partial decay widths of
W'/ Z' are listed in the Appendix. The equivalence theorem
tells us that one can treat the final state vector bosons as
Nambu-Goldstone bosons in the high energy limit. We
compare the bosonic decay of W//Z' in the limit of x > 1
and My 7z > myz/z and verify in the BP-I that

BR(W' - WZ)

BR(W — WH)

!

BR(Z' - WW) ~1 (12)
BR(Z' —» ZH)
It is worth mentioning that the WH mode might be
suppressed in an UV completion model which exhibits a
rather complicated scalar potential.

The couplings of the W’ bosons to the SM fermions in
the notation in Eq. (1) are

wir _ ¢ CwS255¢
gL \/ES%V y}l x 9
wif_ €
-_° 13
gR \/ECWS¢ H ( )
while those of the Z' boson are
Zlff _ (Tl _ Q)Sz _ C;Sé(T% ~ Qs%V)
L CWeySy Tu| M3 ¢ xs% '
A 13- o) + 0% (14)
R cwepsy 3 ¢ x |

where T} and T? are the third components of the generator
of gauge groups SU(2), and SU(2),, and Q is the electric
charge of fermion f.

Next we consider specific NP models and discuss their
implications in the production of W’/Z' and their decay
modes of the WZ/WW pair at the LHC.

A. Left-right doublet model

1. The W' constraints

We begin with the left-right model in which the left-
handed and right-handed fermion doublets are gauged
under SU(2), and SU(2),, respectively. Figure 3 displays
the contour of the total width I'y» and the ratio 'y, /My in
the plane of ¢ and s,4. It is clear that I'yy < My in all
of the parameter space such that it is reasonable to factorize
theo(pp - V' - V| V,) =6(V') x BR(V' = V| V,). The
ratio I'y» /My, depends on ¢, mildly but it is not sensitive
to s,5. Note that s,; appears only in the left-handed
couplings of W’ to the SM fermions which is suppressed
by x. On the other hand, the right-handed coupling of W’
depends only on c.

PHYSICAL REVIEW D 92, 095025 (2015)
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FIG. 3 (color online). The contours of the total width of W’
(a) and the ratio of total width and mass of W’ (b) in the plane of
¢y and s, in the left-right model.

Figure 4(a) displays the contour of the cross section of
o(W') x BR(W — WZ) in the plane of c, and s,.
The yellow bands represent the degenerated region of
My, and M. In order to produce o(WZ) ~4-8 fb and
o(W') x BR(W' — jj) <102 fb [20], one needs 0.73 <
Cp < 0.75 and S2p Z 0.9.

In accord to the equivalence theorem, the vector-boson
pair production is highly correlated with the associated
production of the vector boson and Higgs boson. We
also plot in Fig. 4(b) the contour of the cross section of
o(W')xBR(W'—WH) in the plane of ¢, and s,. In the

Ty XBR(W -»WZ) Y
[fb]
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Cy Co

1.0 = T 1.0 T T
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Cy €y

FIG. 4 (color online). The contours of the cross section
(@ o(W)xBR(W - WZ), (b) o(W)xBR(W — WH),
(c) o(W')xBR(W — ev) and (d) o(W') x BR(W — tb) in
the plane of ¢4 and s,5. The vertical line (jj) denotes the
constraint from the di-jet measurements. The yellow band
represents the degenerated mass region of W’ and Z'.
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FIG. 5 (color online). The cross section of pp - W —
WZ/WH (red curves) and pp — W' — jj (blue curves) as a
function of ¢, with 5,5 = 1. The dashed curves represent the PDF
uncertainties. The green shaded region represents the parameter
space compatible with the WZ excess. The yellow shaded region
is required for My, = M,. The current experimental limits of
o(pp > W' - jj) <102 fb and 6(pp - W' - WH) < 7.1 fb
are also plotted.

vicinity of ¢,~0.73 and 5,3~0.9, 6(W') xBR(W' = WH) ~
3fb which is below the current experimental limit of
o(W') x BR(W —» WH) < 7.1 fb [4].

The cross section of 6(W’) x BR(W' — ev) is shown in
Fig. 4(c), which satisfies the current experimental upper
limit 6(pp - W' — ev/uv) < 0.7 fb in the whole param-
eter space. The current bound on the tb mode demands
cy < 0.91; see Fig. 4(d).

In Fig. 5 we present the cross section o(W’)x
BR(W' — XY) as a function of c,, where X and Y denote
the SM particles in the W’ decay. To see the maximally
allowed region of Cpr WE consider the PDF uncertainties of
the production cross section of W’ and choose 5,5 = 1. The
outer dashed-curves represent the PDF uncertainties.
The green shaded region represents the parameter space
compatible with the WZ excess. The yellow shaded region
is required for My, = M,. The current experimental
limits of 6(pp—>W'—jj)<102fb and 6(pp—>W' ->WH) <
7.11b are also plotted. The parameter space of 0.68 < ¢, <
0.81 can explain WZ excess and the current experimental
upper limits of WH and jj. However, it predicts
247 TeV < My < 2.94 TeV which is in contradiction
with the WW excess around 2 TeV. If further experiments
confirm that the WW excess is owing to a fluctuation of the
SM backgrounds, then the W’ in the left-right model could
explain the WZ excess.

2. The Z' constraints

The coupling of Z’ to the SM fermions is very sensitive
to the mixing angle ¢ = arctan(gy/g,). In the limit of
x> 1, gf//fg~ 1/s4c4. The couplings tend to be non-
perturbative in the region of ¢, ~0 or ¢4 ~ 1, yielding a
large decay width of Z'; see the Fig. 6(a). We demand
I'(Z')<0.IM» in this work, which requires
0.23 < ¢, <0.96. Figure 6(b) displays the branching ratios
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FIG. 6 (color online). The total width (a) and the branching
ratios of all the decay modes (b) of Z’ as a function of ¢,. The j;
mode includes all the light quark flavors (u, d, c, s, b), the rt
mode denotes the top-quark pair final state, the £ mode sums
over the charged leptons while the v mode sums over all the
three neutrino final states.

of all the decay modes of Z'. The jj mode includes all the
light quark flavors (u, d, c, s, b), the £ mode sums over
the charged leptons while the v mode sums over all the
three neutrino final states. We single out the top-quark pair
mode (#¢) to compare to the latest experimental data. The
WW and ZH modes are much smaller than other modes;
see the red-solid curve.

In Fig. 7 we present the cross section o(Z')x
BR(Z' — XY) as a function of c,, where X and Y denote
the SM particles in the Z’' decay. The curves show the
theoretical predictions while the shaded bands along each
curve represent the parameter space compatible with
current experimental data. The current bound on ¢(Z’) x
BR(Z' — tf) mode demands 0.16 < c, < 0.88; see the
blue-dotted curve with the ¢ label. The di-jet (jj) constraint
is slightly weaker than the #¢ constraint. The shaded band
along the WW/ZH curve (red-solid) represents the
required ¢, to explain the WW excess. However, all the
parameter space of interest to us is excluded by the leptonic
decay mode, which imposes much tighter constraint of
6(Z') xBR(Z' - eTe™) <0.2 fb [23,24]. As shown in

500 .
- T=01My < (® LR

f=3
=3
(=}

S

s

\\
o (pp—~Z'—»XY) [fb]

Allowedl
(ZH) WW/ZH

0.001 / !

00 02 04 06 08 1.0 070 0.75 0.80 0.85 0.90 0.95

W

o (pp~Z'-XY) [fb]

Co Co

FIG. 7 (color online). The contours of the cross section
6(Z') x BR(Z' - XY), where X and Y denote the SM particles
in the Z' decay as a function of c,,. The shaded bands along each
curve represent the region compatible with the current exper-
imental data. The yellow shaded region is required for My, =M .
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FIG. 8 (color online). The total width 'y, (a) and Ty /My,
(b) in the plane of ¢4 and s, in the leptophobic doublet model.

Fig. 7(b), 6(Z') x BR(Z' — e*e™) ~ 1 fb for a 2 TeV Z'
boson; see the purple curve. We thus conclude that, if the
WW excess is induced by the Z' boson in the left-right
model, one needs to extend the model to suppress the
leptonic decays of the Z' boson.

B. Leptophobic doublet model

1. The W' constraints

The leptophobic doublet model is similar to the left-right
model but the leptonic doublet is gauged only under
SU(1),; see Table 1. Figure 8 displays the contour of the
total width I'y» and T'yr /My, in the plane of ¢, and sy5. It
shows the NWA is also a good approximation to describe
the production and decay of W'.

Figure 9(a) displays the contour of the cross section of
o(W') x BR(W' — WZ) in the plane of ¢, and s,5. The
yellow bands represent the degenerated region of My, and
My. In order to produce 6(WZ)~4-8 fb and o(W') x
BR(W' — jj) <102 fb [20], one needs 0.73 < ¢, < 0.75
and sy5 2 0.9. However, the Z' mass in those parameter
space is much larger than the W’ mass, e.g., 2.67 TeV <
My <274 TeV for My, =2 TeV. As analogous to the
left-right model, the leptophobic model can explain the WZ
excess if the WW excess is a result of the fluctuation of SM
backgrounds.

Figure 9(b—d) shows the cross sections of o(W’) x
BR(W' — WH/ev/th), respectively. In the region of
0.73 < ¢, <0.75, all of those three modes satisfy the
current experimental upper limits.

Similar to the left-right model, we choose s,; = 1 and
plot the cross section of pp — W' — WZ/WH (red curves)
and pp - W' — jj (blue curves) as a function of ¢, in
Fig. 10. The outer dashed-curves represent the PDF
uncertainties. The green shaded region represents the
parameter space compatible with the WZ excess.
The yellow shaded region is required for My, = M.
The current experimental limits of o(pp - W' — jj) <
102 fb and 6(pp - W' — WH) < 7.1 fb are also plotted.
To explain the excess of the WZ and satisfy WH limit, it
requires 0.68 < ¢4 < 0.88, while the dijet experimental
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1.0 ‘

05

0.6 0.6

02 [fb] 021 & xBR(W' > WH)
[fb]
0.0 0.0l
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

S28

04 \ . 0.4 '
] H

J N

0.2 } Jj

oy xBr(W —ev) 0.2f oy xBR(W -th)|
x10°[fb] ‘iJ [fb] |
0.0 = 0.0 1 |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
cp Co

FIG. 9 (color online). The contours of the cross section
@) o(W)xBR(W - WZ), (b) o(W')xBR(W — WH),
(¢) 6(W') x BR(W - ev), and (d) o(W') x BR(W' — tb) in
the plane of ¢, and s,;. The vertical line (jj) denotes the
constraint from the dijet measurements. The yellow band repre-
sents the degenerated mass region of W’ and Z'.

limit requires ¢, < 0.81. Thus, we conclude that the
leptophobic model could explain the WZ excess in the
region 0.68 < ¢, < 0.81 with 5,5 ~ 1. However, it predicts
a heavier Z' as 2.47 TeV < M, < 2.94 TeV for My, =
2 TeV, which contradicts the WW excess around 2 TeV.
Bearing in mind that the 2.66WW excess might be owing
to the fluctuation of the SM backgrounds, we await the

1000
500

100
50

o'(ppaW'%XY)

04 05 06 07 08 09 1.0

€

FIG. 10 (color online). The cross section of pp - W —
WZ/WH (red curves) and pp — W' — jj (blue curves) as a
function of ¢, with 5,5 = 1. The dashed curves represent the PDF
uncertainties. The green shaded region represents the parameter
space compatible with the WZ excess. The yellow shaded region
is required for My, = M . The current experimental limits of
o(pp - W - jj) <102 fb and o(pp - W - WH) < 7.1 fb
are also plotted.

095025-7



QING-HONG CAO, BIN YAN, AND DONG-MING ZHANG

== -
1500 —T
(@) LP 0.1 Sl
= 1000, S = — g
S0 R T e
e Too
= I,=0.3Mj N
= [~
500 o 0.001} (b) LP
I,=0.1M
J 1074 = I'z2=<0.1Mz
0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Cyp Co

FIG. 11 (color online). The total width (a) and the branching
ratios of all the decay modes (b) of Z' as a function of ¢y in
leptophobic model.

forthcoming LHC Run-2 data to make an affirmative
conclusion.

2. The Z' constraints

Although the couplings of W’ to the SM leptons are
highly suppressed in the leptophobic model, the couplings
of Z' to the SM leptons are not. For a small ¢, (large gy),
the U(1), component in the Z’ gives rise to a large coupling
to the SM leptons. That yields a large decay width of Z’ in
the vicinity of ¢, ~0. We also require I'(Z') < 0.1M
which leads t0 0.29 < ¢, < 0.96; see Fig. 11(a). Figure 11(b)
displays the branching ratios of the Z' decay. It shows the
branching ratios of Z' — vvand Z' — £¢ are suppressed fora
large ¢, while the jj and 77 decay modes tend to be dominate.
Such a behavior can be understood from the fact that heavy
gauge bosons are predominately coupled to the SM quarks.
The WW and ZH modes are also much smaller than other
modes; see the red-solid curve.

In Fig. 12 we present 6(Z') x BR(Z' - XY) as a
function of ¢, where X and Y denote the SM particles
in the Z’' decay. The curves show the theoretical predictions
while the shaded bands are allowed by current experimental
data. The current bound on ¢(Z') x BR(Z' — i) mode
demands 0.13 < ¢, < 0.88; see the blue-dotted curve with
the t¢ label. The dijet (jj) constraint is slighter weaker than
the t¢ constraint. The shaded band along the WW/ZH

I2<0.1My; = i
(b) LP / J

100 N T
/ //,,
tt{_._

53
(ZH) Allowe:

/ o WW/ZH (ZH) |

00 02 04 06 08 1.0 0.70 0.75 0.80 0.85 0.90 0.95 1.00
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—_ >
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FIG. 12 (color online). The contours of the cross section
o(Z') x BR(Z' - XY), where X and Y denote the SM particles
in the Z’ decay as a function of ¢, in the leptophobic model.
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curve (red-solid) represents the required c,, to explain the
WW excess, ie., 0.89 <c,; <0.95. However, all the
parameter space of interest to us is excluded by the leptonic
decay mode, which imposes much tighter constraint of
6(Z') x BR(Z' - eTe™) <0.2 fb [23,24]; see the purple-
solid curve. Figure 12(b) shows the details in the vicinity
of ¢;~0.9. The cross section of 6(Z')xBR(Z'—e*e™)~
1fb, which is much larger than the current constraint.
Therefore, it is difficult to explain the WW excess in the
leptophobic model unless one can sizeably reduce the
leptonic decay branching ratio of Z’.

C. Hadrophobic doublet model

1. The W' constraints

In the hadrophobic doublet model the right-handed
leptons form a doublet gauged under the SU(2),; see
Table I for detailed quantum number assignments.
The W' and Z' arise from the symmetry breaking of
SU(2), x U(1)y - U(1)y and therefore are coupled pre-
dominately to the SM leptons.

Figure 13 displays the contour of the total width 'y,
(a) and the ratio Iy /My, (b) in the plane of ¢, and s,4. In
the most of the parameter space, the W’ width is around
1 GeV for a 2 TeV W' Therefore, the NWA is a good
approximation to describe the production and decay of W’
in the hadrophobic model.

As the gauge couplings of W to the SM quarks are
highly suppressed, the production cross section of W’ in
the hadrophobic model is much smaller than those in the
left-right and leptophobic models. Figure 14 displays the
contour of the cross section of o(W')x BR(W —
WZ/WH /ev/th) in the plane of c, and s,;. The yellow
shaded region is required for My, = M,. The cross
sections of pp - W - WZ and pp > W — WH are
around 10~* fb. Since the W’ boson couples to the
SM leptons/quarks through the mixing of W-W’', the
branching ratio of W' decaying into lepton/quark final
states are highly suppressed, yielding o(W’) x BR(W' —
ev/th/jj) ~107° fb. It is clear that, in all the parameter

FIG. 13 (color online). The total width T'y (a) and Ty /My
(b) in the plane of ¢, and s,4 in the hadrophobic doublet model.
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FIG. 14 (color online). The contours of the cross section
(@ o(W)xBR(W - WZ), (b) oW)xBR(W - WH),
(c) o(W)xBR(W - ev) and (d) o(W') x BR(W — tb) in
the plane of ¢, and s,4 in the hadrophobic doublet model. All
the cross sections are in the unit of fb. The yellow shaded region is
required for My = M 4.

space, the cross section of the WZ mode is much smaller
than 1 fb such that it cannot explain the WZ excess.

2. The Z' constraints

Now we consider the phenomenology of the Z' boson
in the hadrophobic doublet model. We require I'(Z') <
0.1My, which leads to 0.34 < ¢, < 0.99; see Fig. 15(a).
Figure 15(b) displays the decay branching ratios of Z'. We
note that the branching ratio of Z' — jj and Z' — 17 is
suppressed for a large ¢, as one can see from Eq. (14).

In Fig. 16 we present the cross section 6(Z’) x BR(Z' —
XY) as a function of c,. The curves show the theoretical
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600 vt — !
400 m ] w | ) tt &
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8.0 0.2 04 0.6 0.8 1.0 00 02 04 06 08 1.0
o o

FIG. 15 (color online). The total width I', (a) and the
branching ratios of the Z’ decay (b) as a function of ¢, in
hadrophobic model.
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FIG. 16 (color online). The contours of the cross section of
6(Z'") x BR(Z' — XY), where X and Y denote the SM particles in
the Z' decay as a function of ¢ in the hadrophobic model. The
shaded bands are corresponding to the allowed regions by the
current experimental data. The yellow shaded region is required
for My =M.

predictions while the shaded band along each curve is
allowed by current experimental data. The yellow shaded
region is required for My, = M,. The current bound on
0(Z') x BR(Z' - i) mode demands 0.66 < c, < 1; see
the blue-dashed curve with the 77 label. The dijet constraint
is slightly weaker than the #f constraint. There is no
parameter space to explain the WW excess. Furthermore,
the cross section 6(Z') x BR(Z' — ee) is above the current
experimental constraint; see Fig. 16(b) for details. Thus,
we conclude that it cannot explain the WW excess in the
hadrophobic model.

D. Fermiophobic doublet model

1. The W' constraints

Finally, we examine the fermiophobic doublet model in
which both the SM quark and lepton doublets are gauged
only under SU(1),; see Table I. The gauge couplings of W’
to SM fermions are suppressed due to the fact that the SM
fermions are not gauged under gauge group SU(2),. The
W’ width in the fermiophobic model is less than the W’
width in the leptophobic and hadrophobic models.
Figure 17 displays the contour of the total width Ty,

1.0
a) FP

0.8 @

0.6]
Q
& —

0.4]

0.2f Ty [GeV]

0.01 .

00 02 04 06 08 10 00 02 04 06 08 10

Cy cp

FIG. 17 (color online). The total width T'y (a) and Ty /My
(b) in the plane of ¢4 and s, in the fermiophobic doublet model.
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FIG. 18 (color online). The contours of the cross section
(@ o(W)xBR(W - WZ), (b) oW)xBR(W - WH),
(©) o(W)xBR(W — ev) and (d) o(W')x BR(W' — tb) in
the plane of ¢4 and s,; in the fermiophobic doublet model.
The yellow shaded region is required for My, = M ;.

and Iy /My, in the plane of ¢, and s,4. Again, the NWA is
a good approximation in the fermiophobic doublet model.

The production cross section of W’ in the model is much
smaller than the cross section in the left-right and lepto-
phobic models. It is, however, comparable to the hadro-
phobic model. Figure 18 displays the contour of the cross
section of &(W') x BR(W — WZ/WH/ev/thb) in the
plane of ¢4 and s,;5. The yellow shaded region is required
for My, = M. Owing to the suppress of the production
rate, the typical value of cross section in WZ and WH
modes are around 107* fb. The branching ratios of W’
decay to lepton/quark final states are suppressed dramati-
cally due to the W-W' mixing and leads to
c(W') x BR(W' — ev/th/jj) ~ 107 fb. It is clear that
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FIG. 19 (color online). The total width (a) and the branching
ratios of Z' decays (b) as a function of ¢, in fermiophobic model.
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FIG. 20 (color online). The cross section contours of

6(Z') x BR(Z' - XY), where X and Y denote the SM particles
in the Z' decay as a function of c,, in the fermiophobic model. The
yellow shaded region is required for My, = M.

the cross section at the all parameter space is much smaller
than 1 fb such that it cannot explain the WZ excess.

2. The Z' constraints

In the fermiophobic doublet model, the Z’ couples to the
SM fermions via the U(1), component and the coupling
strength is large in the region of ¢ ~ 0 where gy > g,. We
require T'(Z') <0.1M,, which leads to cp 2 0.38; see
Fig. 19(a). Figure 19(b) displays the branching ratios of
all the decay modes of Z'. We note that the branching ratio
of Z/ - WW and Z' — ZH is highly enhanced for a large
cy» €g, BR(Z' - WW/ZH) > 0.1 when c, > 0.85,
which is different from other BP-I models. It is owing to
the fact that the decay rate of W’ to SM fermions is highly
suppressed when ¢, — 1 in this model.

In Fig. 20 we present the cross section o(Z') x
BR(Z' — XY), where X and Y denote the SM particles
in the Z' decay, as a function of c,. The curves show the
theoretical predictions while the shaded bands are allowed
by current experimental data. The yellow shaded region is
required for My, = M. The current bound on ¢(Z’) x
BR(Z' — t7) mode, denoted as ¢¢ in the figure, demands
0.6 < ¢, < 1. The dijet constraint is slightly weaker than
the #¢ constraint. The whole parameter space satisfies the
current bound on ¢(Z') x BR(Z' —» ZH), but cannot
explain the excess of WW. Again, the leptonic decay mode
imposes much tighter constraint as o(Z') x BR(Z' -
ete”) <0.2 fb by the current measurements [23,24],
which requires ¢y > 0.95. Thus we conclude that the
fermiophobic doublet model cannot explain the WW
excess.

V. G(221) MODELS: BREAKING PATTERN II

In the BP-II, U(1)y is identified as the U(1), of the SM.
The first stage of symmetry breaking SU(2), x SU(2), —
SU(2), occurs at the TeV scale, which is owing to a scalar
bi-doublet ® ~ (2,2,0) with only one VEV u The sub-
sequent breaking of SU(2), ® U(1), — U(1),, at the
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electroweak scale is generated by a Higgs doublet H ~
(2,1,1/2) with a VEV v The explicit forms of the
bidoublet and doublet as well as their vacuum expectation
values are given as follows:

(o o) @=3(0)

) ms()

In the BP-II, the couplings of the three gauge groups are

H

(15)

e e e
g1 = s 9 = s 9x = —>
ch,/) sWs,/, Cw

(16)

where ¢ = arctan(g,/g,) is the mixing angle. After the

symmetry breaking both W’ and Z’' bosons obtain their
masses and are degenerated at the tree level,
2 2 v’ 4

M, =M, =———(x+53). (17)
w z 45%‘,5"55(335 4

The gauge couplings of W’ and Z’ to the SM Higgs boson
and gauge bosons are generated after the second stage of
the symmetry breaking, which are given as follows,

1 €2S(/,

HW,W,: 25%c,

spcg = 53)
v, [1 n u] ,

HZ,Z,: ~——"—
Wiwrz, —+
Wiw; 2z, —22*

(18)

In BP-II the bosonic decays of W//Z' in the limit of x > 1
and My, > my, 7/ are correlated as follows

PHYSICAL REVIEW D 92, 095025 (2015)
BR(W' — WZ) BR(Z' — WW)

~ —Nl

BR(W' — WH) ’ BR(Z' —» ZH) (19)

The couplings of the W bosons to the SM fermions in
the BP-II are

2.2
W/j?-f/ . eS¢ ”( S¢C¢) W/}-fr .
g =— | 1+—), g =0,
L ﬁsw% X k
4
: ec K _
W'FF __ P m d)) W'FF _
= — v 1 — , g =0. 20
L \/ESWS[ﬁ < X R ( )

while those of the Z’ boson are

2.2 2.2
77 e [s 55 Sy S5C
77— yﬂ[¢T§<1+ ¢2¢>_ 050% 2 o]

sw' Ly xcd, cp XCYy
) 2.2
=L (5% 5.0),
sw' \cp xcy
Z'FF e Cp 1o s;g Co S; 2
g =TT -5 | 5 sw@
sw' [Sg xcly S XC,

4
- e cy, S
ZFF _ _ % (¢ "¢ 2 21
Ik Swy (SMC%VS ) 1)
where f represents the fermions are gauged under SU(2),
while F the fermions gauged under SU(2),.
Next we consider un-unified model and non-universal/
top-flavor model, and discuss their implications in the

production of W'/Z' and their decay modes of the
WZ/WW/WH/ZH pair at the LHC.

A. Un-unified model

1. The W' constraints

We begin with the un-unified model in which the left-
handed quarks are gauged under SU(2), while the lepton
doublets gauged under SU(2),. Figure 21(a) shows the total
width 'y as a function of c,. The W’ couples to the SM
quarks and leptons strongly in the region of ¢, ~ 0 and

I
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FIG. 21 (color online).

0.6 0.8 1.0 0.2 0.4

(a) The total width Iy as a function of ¢ in the un-unified (UU) model of BP-IL. (b) The decay branching ratio

BR(W' — XY) as a function of ¢. (c) The cross section ¢(pp — W’ — XY') as a function of ¢, at the LHC Run-1. The shaded band of

each curve satisfies the current experiment data.
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(a) The total width I";- as a function of ¢, in the un-unified (UU) model of BP-1IL. (b) The decay branching ratio

BR(Z' — XY) as a function of ¢, in the un-unified (UU) model of BP-II. (c) The cross section ¢(pp — Z' — XY) at LHC Run-1 as a
function of ¢, in the un-unified (UU) model of BP-II. The shaded band of each curve satisfies the current experiment.

¢y ~ 1, respectively. That yields a wide width of W'. In
order to validate the NWA, we demand 'y, < 0.1My,
which is presented by the black horizontal line. It
requires 0.47 < ¢, < 0.96.

The branching ratios of W’ are plotted in Fig. 21(b). For a
large ¢, the branching ratio of W' — jj/tb are suppressed
while the branching ratio of W/ — [v is enhanced. Such a
behavior can be understood from the gauge coupling of W’
to the SM fermions; see Eq. (20). The coupling of W’ to the
SM quarks is proportional to tan ¢, while for the leptons,
the gauge coupling is proportional to cot¢. The branching
ratios of W — WZ/WH can reach ~0.01 for most of the
parameter space in the model. Figure 21(c) shows the cross
sections of 6(W') x BR(W' — XY). The shaded bands are
consistent with current experimental data. In order to
explain the WZ excess, one needs 0.64 < c; < 0.73.
However, the jj mode requires c, > 0.72. There is a
tension between the WZ mode and the jj mode. The
negative searching result of the WH mode demands
¢y > 0.65. It is possible to satisfy the WZ, jj and WH
modes within 2¢ confidential level.

We also plot the cross section of the leptonic decay in
Fig. 21(c). Unfortunately, the cross section of o(W’) x
BR(W’ — ev) in the region of ¢; ~ 0.4-0.7 is far beyond
the current experimental limit. In order to explain the WZ
excess in the un-unified model, one has to extend the model
to reduce the leptonic decay mode.

2. The Z' constraints

Figure 22 shows the total width 'y (a) and decay
branching ratios of Z' (b) as a function of c;. We also
demand the narrow width constraint 'y < 0.1M, which
also requires 0.47 < ¢, < 0.96. In analogue with W', the
branching ratios of Z' — jj and Z' — 7 are suppressed,
while the branching ratio of Z' — lI/uvv are enhanced in
the region of large c,. Note that the branching ratios of
W' — WZ/WH are independent on the variable c,, in the
range 0.3 < ¢y < 0.7, which is about 0.03. Figure 21(c)
shows the cross section of various decay modes of Z’'. We

observe a tension between the WW mode and the jj mode.
Again, the leptonic decay mode imposes much tighter
constraint as 6(Z') x BR(Z' = eTe™) < 0.2 fb by the cur-
rent measurements [23,24], which requires ¢y < 0.19.
Similar to the case of the W’ boson, it is also possible
to explain the WW excess if there exists some mechanism
to decrease the leptonic decay mode of the Z’ boson.

B. Nonuniversal model

1. The W' constraints

The nonuniversal model is often named as the top-flavor
model. In the model, the left-handed fermions of the first
two generations are gauged under SU(2),, while the left-
handed fermions of the third generation are gauged under
SU(2),; see Table I for the detail charge assignments. The
W’ couples strongly to the first two generation fermions in
the region of ¢, ~ 0 and to the third generation fermions in
the region of ¢, ~ 1. Figure 23(a) displays the decay width
of W’ versus ¢y In order to validate the NWA, we demand
I'yy <0.1My, which is presented by the black-dashed
horizontal line. It requires 0.45 < ¢4 < 0.95. The branch-
ing ratios of the W' decays are also plotted in Fig. 23(b).
Here we separate the first two generations of the SM
fermions from the third generation. The v mode includes
the first two generation of leptons (ev and uv). For a large
c4» the branching ratio of W' — /v and W' — jj are
suppressed while the branching ratio of W — v and W' —
thb are enhanced. It is owing to the fact that the gauge
couplings of W' to the first two generation fermions are
proportional to tan ¢, while the gauge couplings to the third
generation fermions are proportional to cotg; see Eq. (20).

The branching ratios of W — WZ/WH are about 0.01
for most of the parameter space. Figure 23(c) shows
the cross sections of o(W’) x BR(W' — XY). The shaded
bands are consistent with current experimental data. The
WZ excess prefers 0.65 < ¢, < 0.73. However, there is a
tension between the WZ mode and the jj mode as the jj
mode requires ¢y > 0.72. The negative searching result of

095025-12



SIMPLE NON-ABELIAN EXTENSIONS OF THE STANDARD ...

1

PHYSICAL REVIEW D 92, 095025 (2015)

1500 ty

10

0.001

0.1 o) — WZ — WH
- WZ = _
= S Fwe o 1000& “““
3 1000) (a)NU >T< 0.01 . >T< \
- Ty = 0.3 My = ) z 10 = =N
= s g é /l (©NU \
/ ~ 0.1} Allowed
Ty = 0.1 My / 5 i [ . o
w = 0.1 My
“02

0.2 0.4 0.6

€

0.8 0.4

FIG. 23 (color online).
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(a) The total width 'y as a function of ¢, in the nonuniversal (NU) model of BP-II. (b) The decay branching

ratio BR(W’ — XY) as a function of ¢,,. (c) The cross section 6(pp — W' — XY) versus ¢, at the LHC Run-1 in the NU model. The
shaded band along each curve satisfies the current experimental data.

the WH mode demands ¢, > 0.66. It is possible to satisty
the WZ, jj and WH modes within 26 confidential level.

Unfortunately, the cross section of 6(W’) x BR(W' — ev)
in the region of ¢, ~0.4-0.7 is far beyond the current
experimental limit; see the purple solid curve in Fig. 23(c).
In order to explain the WZ excess, one needs to introduce
new ingredients into the nonuniversal model to reduce the
leptonic decay modes of the W’ boson.

2. The Z' constraints

Figure 24 shows the total width ', (a) and decay
branching ratios of Z’ (b) as a function of cy- We also
demand the narrow width constraint 'y < 0.1M, which
also requires 0.45 < ¢, < 0.95. Here, the £ mode sums
over the electron (e) and muon (u) while the v mode sums
over the first two generation neutrinos.

We first notice that the jj mode dominates over the other
modes in the entire parameter space of c,. The branching
ratio of Z' — £¢/v,v, is suppressed in the region of large

6(Z") xBR(Z' — eTe™) < 0.2 fb by the current measure-
ments [23,24], which requires ¢, > 0.89. Again, it requires
us to decrease the branching ratio of the leptonic decay
mode in order to explain the WW excess in the nonuni-
versal model.

VI. G(331) MODEL

Another simple non-Abelian extension of the SM
gauge group is the so-called 331 model which exhibits a
gauge structure of SU(3). ® SU(3), ® U(1)y [48-69].
The electroweak symmetry is broken spontaneously as
follows,

SU(3), xU(1)y = SU(2), xU(1)y, - U(1) (22)

em?

by three scalar triplets p, #, and y with vacuum expectation
values as follows,

0
¢4- On the other hand, the branching ratios of Z' — #f and 1 1 g
7' - tt/v.v, are enhanced for a large c,. The branching {p) = ﬁ L/ B (n) = ﬁ 01
ratios of W' — WZ/WH are not sensitive to c,, in the range 0
0.3 < ¢4 0.7, which is about 0.02. Figure 24(c) shows 0
the cross section of various decay modes of Z'. We observe ) = RS 0 (23)
a tension between the WW mode and the jj mode. Again, V2
the leptonic decay mode imposes much tighter constraint as Uy
10 — ee - jj tt]
1500 _ — WW — ZH
_ % 1000, e
— = o N R
% 1000 (a)NU >§ ->T< 10\ \
= N N N]
B I, <03M, > i /i/ \
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FIG. 24 (color online). (a) The total width I'y: versus ¢ in the
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nonuniversal (NU) model of BP-II. (b) The decay branching ratio

BR(Z' — XY) as a function of . (c) The cross section 6(pp — Z' — XY versus c,, at the LHC Run-1. The shaded band along each

curve satisfies the current experimental data.
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FIG. 25 (color online). The cross section of Z' production
versus M, for different choices of § in the G(331) model at the
LHC Run-1. For comparison the production cross section of a
sequential Z’ boson is also plotted (black-dotted curve).

The y triplet is responsible for the first step of symmetry
breaking, while the p and # triplets are responsible for the
second step of symmetry breaking.

The electric charge is defined as Q=T;+Y =
T+ pTg + X where T; (i =1~ 8) are eight Gell-Mann
Matrices and X is the quantum number associated with
U(1)y. The parameter f stands for the different definitions
of the hypercharge Y or Q.

At the first step of spontaneously symmetry breaking at
the TeV scale, three new gauge bosons Y, V, and Z’ obtain
their masses. The W and Z bosons are massive after the
second step of symmetry breaking at the electroweak
scale. Neglecting the small mixing of Z' and Z, the mass
eigenstates of those gauge bosons can be written in terms of
the SU(3), and U(1)yx gauge eigenstates Wi, (i = 1 ~ 8)
and X, as follows:

1
V2
1

V2
1

Trr el Wit sXl (24
Y

1 , .
Yu% = —= (Wi FiW)), V% =—=(W5 Fiw)),

V2

ZI/4 = —S331W/§ + C331X 5 W;ﬁl: = (Wlll + IWI%)’

Z, =

where s33; and cs3; are the sine and cosine of the 331
mixing angle, respectively, gy is the coupling strength of
U(1)y. They can be written in terms of the SU(3), and
U(1)y coupling constants g and gy as follows:

g Bax
8331 = —T0———>> C33] = —F/——r>
VI + By N
99x (25)

Gy = —F——.
VG + Pk

Owing to the gauge symmetry, the trilinear gauge
couplings of Y(V)WZ and Z'ZZ are absent in the
G(331) model. It is difficult to explain the excesses
observed by the ATLAS collaboration. The Z’ can couple
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FIG. 26 (color online). (a) The branching ratio BR(Z' —
WW/ZH) as a function of a for different choices of f.
(b) The cross section ¢(Z") x BR(Z' - WW/ZH) as a function
of a for different choices of f# at the LHC Run-1. The shaded
bands along the curves represent the parameter space that could
explain the WW excess. The black-dashed horizontal line shows
the upper limit of ZH.

to the WW /ZH pair through the mixing with the Z boson.
The mixing angle is [48],

. ck 5% V3 m’
sinf,, = 3 7B 3,5% +V3a M—%,’ (26)
where
7(8) ! lcas" o (27)
=5 _ ad = — s
L= (1+ sy v

with v3 = v; + v5 and v2 = v; — v3. Thus the branching

ratios of Z’ - WW and Z' — ZH are sensitive to a.

Figure 25 displays the cross section of the Z’ production
in the G(331) model at the LO for various choices of
parameter. See Ref. [49] for the couplings of Z’ to the SM
fermions. For a 2 TeV resonance, the production cross
sections ¢(Z') are 300 fb for f = /3,454 fb for f = —/3,
21 fb for f = +1/+/3 and 31 fb for f = —1/+/3.

We first consider the decay mode of Z/ — WW in the
G(331) model. Figure 26(a) displays the branching
ratios of BR(Z' — WW/ZH) for the four choices of f.
The branching ratios are sensitive to the a parameter.
Figure 26(b) displays the cross section of ¢(pp — Z' —
WW/ZH) versus a. The shaded bands along the curves of

p = —/3 and = /3 denote the region that is compatible
with the WW excess, where —0.17 <a <0.19 and
—0.23 <a <0.12 for f = —/3 and = /3, respectively.
The current exclusion limit, o(pp — Z' — ZH) < 6.8 fb,
is shown as the black-dashed horizontal curve.

Other decay modes of the Z' boson are also checked in
this work. Figure 27 shows the cross section of Z’
production with its subsequent decays into the SM quarks
and leptons, i.e., (a) o(pp = Z' —t1), (b) 6(pp = Z' = jj)
and (¢) o(pp = Z' - eTe™). The current experiment
bounds are also plotted in the figure. The choices of
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The cross section of 6(pp — Z' — 11) (a), 6(pp = Z' — jj) (b) and 6(pp — Z' — ee) (c) as a function of a

in the G(331) model. The current experimental limits are also displayed.

f = 4+/3 yield a large cross section which exceeds the
current limits. Even though the choices of f = +1/ /3 are
allowed, they cannot explain the 2.60 excess in the WW
channel.

VII. SUMMARY AND DISCUSSION

The excesses around 2 TeV in the diboson invariant mass
distribution invoke excitement among theorists recently.
We examine the possibility of explaining the resonances as
extra gauge bosons. Two simple extensions of the SM
gauge symmetry are explored. One is named as the G(221)
model with a gauge structure of SU(2);, x SU(2),x
U(1)y, the other is called G(331) model with SU(3). x
SU(3), x U(1)y symmetry. Extra gauge bosons emerge
after the symmetry is broken down to the SM gauge
symmetry at the TeV scale in the breaking pattern (BP)
listed as follows: (i) SU(2), x SU(2), x U(1)y - SU(2), x
U(1)y BP-I); (i) SU(2), x SU(2), x U(1)y — SU(2), x
U(1)y BP-1D); (i) SU(3), x U(1)y = SU(2), x U(1)y.
The SM symmetry is further broken at the electroweak
scale. We consider several new physics models which can
be classified by the symmetry breaking pattern: (i) the left-
right (LR), leptophobic (LP), hadrophobic (HP), fermio-
phobic (FP) models; (ii) the un-unified (UU) model and the
nonuniversal (NU)model, (iii) G(331) model with g =
++/3 and f# = +1/+/3. The phenomenology of W’ and Z’
bosons in the above NP models is explored at the LHC

TABLE II.

Run-1. All the decay modes of W'/Z' are included,
eg., W — jj/th/tv/WZ/WH and Z' — ¢¢/wv/jj/ti/
WW/ZH.

First, we examine the possibility of interpreting the WZ
excess as a 2 TeV W’ boson in those NP models. The
parameter spaces compatible with the experimental data
are summarized in Table II. For those G(221) models, a
large s,4 is favored to induce a large branching ratio of
W' — WZ/WH. For illustration we choose sy5~1 in
Table II. In the left-right model the parameter of 0.68 <
¢y <081 is compatible with both the WZ excess and
WH/jj/th/ev upper limits, but it predicts 2.47 TeV <
Mz < 2.94 TeV which is in contradiction with the WW
excess around 2 TeV. In the leptophobic model the
parameter of 0.68 < ¢, < 0.81 satisfies the WZ excess
and all other experimental bounds, but it predicts
2.47 TeV < M, < 2.94 TeV which is also in contradic-
tion with the WW excess around 2 TeV. It is still difficult
to judge whether or not the WW excess exists at the
moment. If the 2.60 deviation in the WW pair turns out to
be from the fluctuation of the SM backgrounds, then the
3.40 excess in the WZ pair can be interpreted as the W’
boson in both left-right and leptophobic models. In the
hadrophobic and fermiophobic models the production cross
section of W’ is too small to explain the WZ excess. In the
un-unified model, we require Iy < 0.1My, to validate the
NWA which yields 0.47 < ¢y < 0.96. The parameter of
0.72 < ¢4 < 0.73 could address on the WZ excess and the

The parameter space of ¢, obtained from the processes of pp — W’ — XY at the LHC Run-1 in various G(221) models.

The W’ mass is fixed to be 2 TeV. In the G(221) model with BP-I, M = My, /c,, and 5,5 ~ 1. The G(331) models are not shown as they
do not exhibit the W'-W-Z and W’'-W-H couplings. The symbol x means no parameter space compatible with the current experimental

limits. The symbol / means all the parameter spaces are allowed.

wz WH ev th ji NWA My = My
LR (068,09 (0,089 v 0,091) (0,081 V

Gy @pny 1P 06509 008 v o, 0.\9/1) (0, 0.81) v 095. 1)
FP X Vv
UU  (064,073) (065, 1)  (0,0.18) (054 1) (072, 1)  (047,0.96)

G2 BPID Ny (065,073 (066 1) (09, 1) v 072, 1) (045,095) v
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TABLE IIl.  The parameter space of ¢, obtained from the processes of pp — Z' — XY at the LHC Run-1 in various G(221) models.
The Z' mass is fixed to be 2 TeV. In the G(221) model with BP-I, My, = c,M . Shown in the G(331) models is the parameter space of
a. The symbol x means no parameter space compatible with the current experimental limits. The symbol / means all the parameter

space is allowed by the current data.

ww ZH ce 1 jj NWA My =My
LR (09,095 (0,095  x  (0.16,0.8%) (0.13,091) (023, 0.96)
LP (089,095 (0,095 (0.99,1) (0.13,0.88) (0.1, 091) (0.29,0.96)
G(221) BP-D g X v x 066, 1) (044, 1) (0.34 099 0D
FP x Vo095 1) 06 1) (0391 (0381
UU (054,067 (053, 1) (0,019 (072, 1) (064 1) (047, 0.96)
CERDED 055067 0551 (089, 1) sl 0631 (©045,095) v
po-k VA v
— 4L
G(331) h=+3 * v Not Applicable
f— -3 (=0.16,0.16) (<0.15, 1) x Ny
f—4v3 (02,011 (=1,011) x v

WH /tb/jj limits, but it comes into conflict with the tight
constraint from the ev mode (cj, < 0.18). A similar result
also holds for the nonuniversal model. It is hard to explain
the WW excess in the un-unified and nonuniversal models
unless one can extend the models to introduce a mechanism
to reduce the leptonic decays of the Z' boson. In the G(331)
model, the W-W-Z and Z’'-Z-Z couplings are forbidden by
symmetry, therefore, it does not affect the W’ phenom-
enology at all.

Second, we examine the possibility of interpreting the
WW excess as a 2 TeV Z’ boson in those NP models. The
parameter spaces compatible with the experimental data
are summarized in Table III. In the left-right model we
require I < 0.1M, to validate the NWA which yields
0.23 < ¢, < 0.96. The parameter of 0.9 < ¢, < 0.95 could
satisfy the WW excess and ZH limit at the 95% confidence
level. It has a tension with the jj mode which demands
0.13 < ¢, < 0.91 but predicts too large cross section of
pp > 7Z — eTe to respect the current experimental
bound. A similar result is found in the leptophobic model.
In the hadrophobic and fermiophobic models, the WW
excess cannot be explained due to the small production
cross section of Z'. In the un-unified model the parameter of
0.64 < ¢, < 0.67 satisfies the WW excess and the ZH /jj
mode but is in conflict with the ee/ft mode. In the
nonuniversal model the parameter of 0.63 < ¢, < 0.67 is
compatible with the WW excess and the ZH/tt/jj limits
but it violates the ee limit. However, if one extend the
current models to decrease the branching ratio of the Z’
leptonic decays, it is still possible to explain the WW excess
in the G(221) models except the hadrophobic and fermio-
phobic models.

In the G(331) models the Z'-W-W and Z'-Z-H couplings
arise from the Z-Z' mixing which leads to a rich Z’
phenomenology. We note that the choice of g = +1/1/3
cannot produce an enough cross section of Z’ production to

explain the WW excess. The parameter of —0.17 < a <

0.19 for # = —/3 and of —0.23 < a < 0.12 for g = +/3
could explain the WW excess and satisfy the ZH limit.
However, the parameter space cannot satisfy the ee/tt/jj
limits.

In summary, we study in this work several new physics
models with the simple non-Abelian extension of the gauge
structure, either SU(2), x SU(2), x U(1)yx or SU(3)-x
SU(3), xU(1)y. We note that one can explain the
excesses in these new physics models if either the branch-
ing ratios of the leptonic and dijet modes in the un-unified
and nonuniversal model could be reduced to satisfy the
experimental bounds, or the WW excess is found to be only
a fluctuation of the backgrounds rather than the signal of a
2 TeV Z' in the left-right and leptophobic model.
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APPENDIX: DECAYS OF V' (W' AND Z')

For completeness, we present the analytical expression
of the partial decay width of W’ and Z’ bosons. The partial
decay width of V! = f,f, is

iy mpy,
2
M3,

My
1—‘V/—>f_1f2 = I‘;ﬁo (9124 + g%?)ﬂl + 69,98

@(MV/ —mfl —mfz), (Al)

where
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2 2 2 2 )2
ﬂO:\/l_sz1+mfz+(mf1_mf2)

2] 7
MV/ MV/
2 2 2 2 )\2
_ _mfl +mf2 _ (mfl _mfz)
pr=1 2 4 (A2)
2My, 2My,

The color factor is not included and the top quark decay
channel only opens when the Z' and W’ masses are heavy.
The partial decay width of V' — V|V, is

5

!
Ly_yv = Gy v, Bob
U 192aM3, M3, VYV

@(MV/ _le _Mvz), (A3)
where
2 2 2 2 \2
Bo = /1 _2Mv1 JrMV2 4 (le _Mvz)
M3, My,
_, IOM%,I + M5, M+ 10M5 M5, + MY,
pr=1+ 2M2 M* ‘
\%4 \%4
(A4)

The partial decay width of V' — V| H (where V| = Wor Z
boson and H is the lightest Higgs boson) is

PHYSICAL REVIEW D 92, 095025 (2015)

Dyyim = 1]‘94—2‘;9]2‘(//[‘%/111 Bo1®My — My, —my),  (A5)
|
where
bo= \/1 _ZM%/, -!;m%;_i_(M%/l Zm%)z’
M, M3,
g1 1O 2 O

2 4
2M2, M,

Assuming the W’ and Z’ only decay to the SM particles,
then the total decay width of the W’ boson is

Dy ot = 3lwoey + 2Nclywsag + Nelwoa

+Twowz + Twown, (A7)

while the width of the Z’ boson is

1—‘Z’,tot = 3FZ’—>Ee + 3FZ’—>171/ + 2NCFZ’—>1'4M + 3NCFZ’—>ad
+ N zou+Tzoww + Tzozm, (A8)

where N = 3 originates from summation of all possible
color quantum number.
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