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Abstract

A search is performed for narrow resonances decaying into WW, WZ, or ZZ boson pairs
using 20.3 fb�1 of proton–proton collision data at a centre-of-mass energy of

p
s = 8 TeV

recorded with the ATLAS detector at the Large Hadron Collider. Diboson resonances with
masses in the range from 1.3 to 3.0 TeV are sought after using the invariant mass distribution
of dijets where both jets are tagged as a boson jet, compatible with a highly boosted W or Z
boson decaying to quarks, using jet mass and substructure properties. The largest deviation
from a smoothly falling background in the observed dijet invariant mass distribution occurs
around 2 TeV in the WZ channel, with a global significance of 2.5 standard deviations.
Exclusion limits at the 95% confidence level are set on the production cross section times
branching ratio for the WZ final state of a new heavy gauge boson, W 0, and for the WW
and ZZ final states of Kaluza–Klein excitations of the graviton in a bulk Randall–Sundrum
model, as a function of the resonance mass. W 0 bosons with couplings predicted by the
extended gauge model in the mass range from 1.3 to 1.5 TeV are excluded at 95% confidence
level.

© 2015 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

ar
X

iv
:1

50
6.

00
96

2v
2 

 [h
ep

-e
x]

  1
5 

Ju
n 

20
15 1506.00962



3

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310

410
Data
Background model
1.5 TeV EGM W', c = 1
2.0 TeV EGM W', c = 1
2.5 TeV EGM W', c = 1
Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(a)

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WW Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(b)

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

ZZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(c)

Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in

16

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310

410
Data
Background model
1.5 TeV EGM W', c = 1
2.0 TeV EGM W', c = 1
2.5 TeV EGM W', c = 1
Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(a)

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WW Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(b)

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

ZZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(c)

Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
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see Qiang Li’s talk 
 for CMS results

�(WZ) ⇠ 4� 8 fb

�(WW ) ⇠ 3� 7 fb

�(ZZ) ⇠ 3� 9 fb

If the excesses were  
induced by NP, then 

for ~2TeV resonances

WZ WW

ZZ



New Physics Explanations?
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New Physics Explanations?

5

Spin-1

q

q̄0

W+

Z0

q

q̄

W/Z

W/Z

W 0± Z 0

Z 0W 0+

?

coupling highly suppressedZ 0 � Z � Z

�(WZ) ⇠ 4� 8 fb
�(WW ) ⇠ 3� 7 fb

�(ZZ) ⇠ 3� 9 fb



Other constraints for a 2TeV           boson
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�(pp ! Z 0/W 0 ! jj)  102 fb

�(pp ! Z 0 ! tt̄)  11 fb

�(pp ! W 0
R ! tb̄)  124 fb

�(pp ! W 0
L ! tb̄)  162 fb

�(pp ! Z 0 ! e+e�/µ+µ�)  0.2 fb

�(pp ! W 0 ! e⌫/µ⌫)  0.7 fb

W 0/Z 0

ATLAS, 1407.1376
CMS, 1501.04198

ATLAS, 1410.4103

CMS, 1506.03062

ATLAS, 1405.4123 
CMS,     1412.6302

ATLAS, 1407.7494 
CMS,     1408.2745

�(pp ! W 0 ! WH)  7.1 fb
�(pp ! W 0 ! ZH)  6.8 fb CMS, 1506.01143



Simple Non-Abelian Extensions
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QL

QRH

SU(3)C ⇥ SU(2)1 ⇥ SU(2)2 ⇥ U(1)X

SU(3)C ⇥ SU(2)L
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SU(3)C ⇥ SU(3)W ⇥ U(1)X
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G(221) Models
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TABLE I. 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)
1

SU(2)
2

U(1)X

Left-right (LR)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A

0

@uR

dR

1

A ,

0

@⌫R

eR

1

A
1

6

for quarks,

�1

2

for leptons.

Lepto-phobic (LP)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A

0

@uR

dR

1

A
1

6

for quarks,

YSM for leptons.

Hadro-phobic (HP)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A

0

@⌫R

eR

1

A YSM for quarks,

�1

2

for leptons.

Fermio-phobic (FP)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A YSM for all fermions.

Un-unified (UU)

0

@uL

dL

1

A

0

@⌫L

eL

1

A YSM for all fermions.

Non-universal (NU)

0

@uL

dL

1

A

1

st,2nd

,

0

@⌫L

eL

1

A

1

st,2nd

0

@uL

dL

1

A

3

rd

,

0

@⌫L

eL

1

A

3

rd

YSM for all fermions.

SU(2)
1

is identified as the SU(2)L of the SM. The first stage of symmetry breaking

SU(2)
2

⇥U(1)X ! U(1)Y occurs at the TeV scale, while the second stage of symmetry

breaking SU(2)L ⇥ U(1)Y ! U(1)
em

takes place at the electroweak scale;

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

U(1)X is identified as the U(1)Y of the SM. The first stage of symmetry breaking

SU(2)
1

⇥ SU(2)
2

! SU(2)L occurs at the TeV scale, while the second stage of sym-

metry breaking SU(2)L ⇥ U(1)Y ! U(1)
em

happens at the electroweak scale.

The W 0 and Z 0 arise after the symmetry breaking at the TeV scale. The most general

interaction of the Z 0 and W 0 to SM fermions is

Lf = Z 0
µ f̄ �µ(gLPL + gRPR)f +W 0

µ f̄ �µ(g0LPL + g0RPR)f
0 + h.c. , (1)

where PL,R = (1⌥ �
5

)/2 are the usual chirality projectors. For simplicity, we use gL and gR

for both Z 0 and W 0 bosons from now on. Note that throughout this work only SM fermions

4



Production Rate of Sequential
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�(pp ! V 0 ! XY ) ' �(pp ! V 0)⌦ BR(V 0 ! XY ) ⌘ �(V 0)⇥ BR(V 0 ! XY )

HaLW'
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MW 'êZ' @TeVD

s
@pbD

log


�(MV 0

)

pb

�
= A

✓
MV 0

TeV

◆�1

+B + C

✓
MV 0

TeV

◆
,

corrections to the cross section of a sequential W 0/Z 0 boson production �(W 0/Z 0). The 57

sets of the CT14 NNLO PDFs are used to evaluate the PDF uncertainties. Figure 1 displays

�(W 0/Z 0) as a function of MW 0/Z0 . The default renormalization and factorization scales are

chosen as the mass of extra gauge bosons µR = µF = MW 0/Z0 . As a rule of thumb, we vary

the scale µ by a factor of 2 to estimate the higher order corrections. The scale uncertainties

are about 5% in the W 0 and Z 0 production, which are found to be much smaller than the

PDF uncertainties. We thus focus on the PDF uncertainties of �(W 0/Z 0). Figure 1(a) shows

the NLO cross section of pp ! W 0/Z 0 and the corresponding PDF uncertainties denoted

by the shaded band as a function of MW 0/Z0 at the LHC Run-1. In order to model the

NP e↵ects, we treat the up-type quark and down-type quark initial states separately in the

Z 0 production; see the Z 0
u and Z 0

d bands. The relative uncertainties of PDFs are plotted

in Fig. 1(b), which shows the uncertainties are about 10% for MW 0/Z0 ⇠ TeV and 30% for

MW 0/Z0 ⇠ 3 TeV. Following Ref. [46], we fit the theory prediction of the cross section by a

simple three parameter analytic expression,

log


�(MV 0)

pb

�
= A

✓
MV 0

TeV

◆�1

+B + C

✓
MV 0

TeV

◆
, (3)

where V 0 = W 0/Z 0. The cross sections are normalized to picobarn (pb) while MW 0/Z0 to

TeV. The fitting functions of the production cross sections of W 0 and Z 0 are

W 0 : 4.59925 + 1.34518x�1 � 3.37137x

Z 0
u : 2.82225 + 1.51681x�1 � 3.24437x

Z 0
d : 2.88763 + 1.42266x�1 � 3.54818x, (4)

where x = MW 0/Z0/TeV.

To explain the diboson excess of the ATLAS collaboration results, we consider a 2 TeV

W 0/Z 0 boson in this work. The production cross sections of a sequential W 0/Z 0 boson at the

LHC Run-1 are

�SQ
W 0 = 229.67± 32.54 (PDF)+12.54

�12.49 fb (scale),

�SQ
Z0u = 54.50± 7.74 (PDF)+2.87

�2.86 fb (scale),

�SQ
Z0d = 30.25± 6.27 (PDF)+1.71

�1.71 fb (scale). (5)

The PDF uncertainties are ⇠ 14% for both �(W 0) and �(Z 0
u) while it is ⇠ 21% for �(Z 0

d).

Using CT10 NLO PDFs [47] slightly increases the PDF uncertainties. For example, the

6

W 0/Z 0

�(pp ! V 0)



PDF and Scale Uncertainties
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G(221) Models: Symmetry Breaking
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Motivation G221 models Parameter constraints Discovery potential Conclusion

Model Classification
Step One

G221 gauge symmetry can be broken in the following ways:

Jiang-Hao Yu — Pheno 2010 (May 11) The W 0 Search in SU(2)⇥ SU(2)⇥ U(1) Models 6/26

Two patterns of spontaneously symmetry breaking
1st stage:
2nd stage:

� ! h�i ⇠ u � 1 TeV

H ! hHi ⇠ v � 250 GeV



G(221) Models: Breaking Pattern 1
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Model Classification
Step One

G221 gauge symmetry can be broken in the following ways:

Jiang-Hao Yu — Pheno 2010 (May 11) The W 0 Search in SU(2)⇥ SU(2)⇥ U(1) Models 6/26

� =

✓
�+

�0

◆
⌃ =

1p
2

✓
�+

p
2�++

p
2�0 ��+

◆

h⌃i = 1p
2

✓
0 0
u 0

◆

h�i = 1p
2

✓
0
u

◆

H =

✓
h0
1 h+

1

h�
2 h0

2

◆
hHi = 1p

2

✓
v1 0
0 v2

◆

x ⌘ u

2
/v

2 tan� = v1/v2

g1 =
e

sW
, g2 =

e

cW s�
, gX =

e

cW c�
,



              in G(221): BP-1
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Step One
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Green: EWPT 
Red:    Tevatron Direct Searches 
Blue:    LHC Direct Searches

Motivation Model Classification Discovery Potential in Drell-Yan Process Exotic W 0 Signature Summary

Parameter Constraints
Results: LRD model
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G(221) BP-1: Left-Right Doublet Model
Low energy precision test and Direct search bounds

Motivation G221 models Parameter constraints Discovery potential Conclusion

Indirect Constraints on MW 0
Global fitting of the low-energy and LEP data (LR-D)

37 observables included (using GAPP
code by J. Erler):

Z pole data (21): Total width
�Z , cross section �had., ratios
R (f), LR, FB, and charge
asymmetries ALR (f),
AF B (f), and QF B ;

W± and top data (3): Mass
MW and total width �W , mt
pole mass;

⌫N -scattering (5): NC

couplings
“

g⌫N
L

”2
and

“
g⌫N
R

”2
, NC-CC ratios R⌫

and R⌫̄ ;

⌫e�-scattering (2): NC
couplings g⌫e

V and g⌫e
A ;

PV interactions (5):

QW

“
133

Cs

”
QW

“
205Tl

”
,

QW (e), NC couplings
C1, C2;

⌧ lifetime (1).

Focus on LR-D model in the rest of my talk. For other models, please refer

to Ken Hsieh, Kai Schmitz, JY and C.–P. Yuan, arXiv:1003.3482 [hep-ph]
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Left-Right Doublet: a 2TeV W-prime
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FIG. 3. The contours of the total width of W 0 (a) and the ratio of total width and mass of W 0 (b)

in the plane of c� and s
2� in the Left-Right model.

A. Left-Right doublet model

1. The W 0 constraints

We begin with the Left-Right model in which the left-handed and right-handed fermion

doublets are gauged under SU(2)
1

and SU(2)
2

, respectively. Figure 3 displays the contour

of the total width �W 0 and the ratio �W 0/MW 0 in the plane of c� and s
2�. It is clear

that �W 0 ⌧ MW 0 in all of the parameter space such that it is reasonable to factorize the

�(pp ! V 0 ! V
1

V
2

) ⌘ �(V 0)⇥ BR(V 0 ! V
1

V
2

). The ratio �W 0/MW 0 depends on c� mildly

but it is not sensitive to s
2�. Note that s

2� appears only in the left-handed couplings of W 0

to the SM fermions which is suppressed by x. On the other hand, the right-handed coupling

of W 0 depends only on c�.

Figure 4(a) displays the contour of the cross section of �(W 0) ⇥ BR(W 0 ! WZ) in the

plane of c� and s
2�. The yellow bands represent the degenerated region of MW 0 and MZ0 .

In order to produce �(WZ) ⇠ 4� 8 fb and �(W 0)⇥BR(W 0 ! jj)  102 fb [20], one needs

0.73 < c� < 0.75 and s
2� & 0.9. However, the Z 0 mass in those parameter space is much

larger than the W 0 mass, e.g. 2.67 TeV  MZ0 < 2.74 TeV for MW 0 = 2 TeV. That cannot

explain the WW excess around 2 TeV.

In accord to the equivalence theorem, the vector-boson pair production is highly corre-

lated 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 �(W 0)⇥BR(W 0 ! WH) in the plane of c� and

10

Narrow width approximation works well 
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FIG. 4. The contours of the cross section (a) �(W 0) ⇥ BR(W 0 ! WZ), (b) �(W 0) ⇥ BR(W 0 !

WH), (c) �(W 0)⇥ BR(W 0 ! e⌫) and (d) �(W 0)⇥ BR(W 0 ! tb) in the plane of c� and s
2�. The

vertical line (jj) denotes the constraint from the di-jet measurements. The yellow band represents

the degenerated mass region of W 0 and Z 0.

s
2�. In the vicinity of c� ⇠ 0.73 and s

2� ⇠ 0.9, �(W 0) ⇥ BR(W 0 ! WH) ⇠ 3 fb which is

below the current experimental limit of �(W 0)⇥ BR(W 0 ! WH) < 7.1 fb [4].

The cross section of �(W 0) ⇥ BR(W 0 ! e⌫) is shown in Fig. 4(c), which satisfies the

current experimental upper limit �(pp ! W 0 ! e⌫/µ⌫)  0.7 fb in the whole parameter

space. The current bound on the tb mode demands c� < 0.91; see Fig. 4(d).

In Fig. 5 we present the cross section �(W 0)⇥BR(W 0 ! XY ) as a function of c�, where

X and Y denote the SM particles in the W 0 decay. To see the maximally allowed region

of c�, we consider the PDF uncertainties of the production cross section of W 0 and choose

s
2� = 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 MW 0 ' MZ0 . The current experimental limits of �(pp ! W 0 ! jj) < 102 fb

and �(pp ! W 0 ! WH) < 7.1 fb are also plotted. The parameter space of 0.68 < c� < 0.81

11
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For a 2TeV Z-prime to explain the WW excess, it requires 
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Motivation G221 models Parameter constraints Discovery potential Conclusion

Model Classification
Step One

G221 gauge symmetry can be broken in the following ways:

Jiang-Hao Yu — Pheno 2010 (May 11) The W 0 Search in SU(2)⇥ SU(2)⇥ U(1) Models 6/26

G(221) Models: Breaking Pattern 2

22

g1 =
e

sW c�
g2 =

e

sW s�
gX =

e

cW

M

2
W 0 = M

2
Z0 =

e

2
v

2

4s2W s

2
�c

2
�

(x+ s

4
�)

� =

✓
�0

p
2�+

p
2�� �0

◆

h�i = 1

2

✓
u 0
0 u

◆

hHi = 1p
2

✓
0
v

◆
H =

✓
h+

h0

◆



G(221) BPII: Un-unified Models

23

HaLUU
GW' = 0.3 MW'

GW' = 0.1 MW'

0.2 0.4 0.6 0.8 1.0
0

500

1000

1500

cf

G W
˜
@Ge

V
D

HbLUU

GW' £ 0.1 MW'{n

jj

tb
WZ

WH

0.2 0.4 0.6 0.8 1.0

10-4

0.001

0.01

0.1

1

cf

BR
HW' Æ

X
Y
L

HcLUU
GW' £ 0.1 MW'

AllowedHWHL

en jj tb

WZ WH

0.2 0.4 0.6 0.8 1.0

0.01

1

100

104

106

cf
s
HppÆ

W
'Æ
X
Y
L@fb
D

FIG. 21. (a) The total width �W 0 as a function of c� in the Un-unified (UU) model of BP-

II. (b) The decay branching ratio BR (W 0 ! XY ) as a function of c�. (c) The cross section

� (pp ! W 0 ! XY ) as a function of c� at the LHC Run-1. The shaded band of each curve

satisfies the current experiment data.

where f represents the fermions are gauged under SU(2)
1

while F the fermions gauged

under SU(2)
2

.

Next we consider Un-unified model and Non-universal/Top-Flavor model, and discuss

their implications in the production ofW 0/Z 0 and their decay modes of theWZ/WW/WH/ZH

pair at the LHC.

A. Un-unified model

1. The W 0 constraints

We begin with the Un-unified model in which the left-handed quarks are gauged under

SU(2)
1

while the lepton doublets gauged under SU(2)
2

. Figure 21(a) shows the total width

�W 0 as a function of c�. The W 0 couples to the SM quarks and leptons strongly in the region

of c� ⇠ 0 and c� ⇠ 1, respectively. That yields a wide width of W 0. In order to validate the

NWA, we demand �W 0  0.1MW 0 which is presented by the black horizontal line. It requires

0.47  c�  0.96.

The branching ratios of W 0 are plotted in Fig. 21(b). For a large c�, the branching ratio

of W 0 ! jj/tb are suppressed while the branching ratio of W 0 ! l⌫ is enhanced. Such a

behavior can be understood from the gauge coupling of W 0 to the SM fermions; see Eq. (20).
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FIG. 21. (a) The total width �W 0 as a function of c� in the Un-unified (UU) model of BP-

II. (b) The decay branching ratio BR (W 0 ! XY ) as a function of c�. (c) The cross section

� (pp ! W 0 ! XY ) as a function of c� at the LHC Run-1. The shaded band of each curve

satisfies the current experiment data.

where f represents the fermions are gauged under SU(2)
1

while F the fermions gauged

under SU(2)
2

.

Next we consider Un-unified model and Non-universal/Top-Flavor model, and discuss

their implications in the production ofW 0/Z 0 and their decay modes of theWZ/WW/WH/ZH

pair at the LHC.

A. Un-unified model

1. The W 0 constraints

We begin with the Un-unified model in which the left-handed quarks are gauged under

SU(2)
1

while the lepton doublets gauged under SU(2)
2

. Figure 21(a) shows the total width

�W 0 as a function of c�. The W 0 couples to the SM quarks and leptons strongly in the region

of c� ⇠ 0 and c� ⇠ 1, respectively. That yields a wide width of W 0. In order to validate the

NWA, we demand �W 0  0.1MW 0 which is presented by the black horizontal line. It requires

0.47  c�  0.96.

The branching ratios of W 0 are plotted in Fig. 21(b). For a large c�, the branching ratio

of W 0 ! jj/tb are suppressed while the branching ratio of W 0 ! l⌫ is enhanced. Such a

behavior can be understood from the gauge coupling of W 0 to the SM fermions; see Eq. (20).
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FIG. 24. (a) The total width �Z0 versus c� in the Nonuniversal (NU) model of BP-II. (b) The

decay branching ratio BR(Z 0 ! XY ) as a function of c�. (c) The cross section �(pp ! Z 0 ! XY )

versus c� at the LHC Run-1. The shaded band along each curve satisfies the current experimental

data.

two generation of leptons (e⌫ and µ⌫). For a large c�, the branching ratio of W 0 ! `⌫ and

W 0 ! jj are suppressed while the branching ratio of W 0 ! ⌧⌫ and W 0 ! tb are enhanced.

It is owing to the fact that the gauge couplings of W 0 to the first two generation fermions

are proportional to tan�, while the gauge couplings to the third generation fermions are

proportional to cot�; see Eq. (20).

The branching ratios of W 0 ! WZ/WH is about 0.01 for most of the parameter space.

Figure 23(c) shows the cross sections of �(W 0) ⇥ BR(W 0 ! XY ). The shaded bands are

consistent with current experimental data. The WZ excess prefers 0.65 < c� < 0.73.

However, there is a tension between the WZ mode and the jj mode as the jj mode requires

c� > 0.72. The negative searching result of the WH mode demands c� > 0.66 . It is possible

to satisfy the WZ, jj and WH modes within 2� confidential level.

Unfortunately, the cross section of �(W 0)⇥BR(W 0 ! e⌫) in the region of c� ⇠ 0.4� 0.7

is far beyond the current experimental limit; see the purple solid curve in Fig. 23(c). We

argue that the Non-universal model cannot explain the WZ excess.

2. The Z 0 constraints

Figure 24 shows the total width �Z0 (a) and decay branching ratios of Z 0 (b) as a function

of c�. We also demand the narrow width constraint �Z0  0.1MZ0 which also requires

0.45  c�  0.95. Here, the `` mode sums over the electron (e) and muon (µ) while the ⌫⌫
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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 0 ! ``/⌫`⌫` is suppressed in the region of large c�.

On the other hand, the branching ratios of Z 0 ! tt and Z 0 ! ⌧⌧/⌫⌧⌫⌧ are enhanced for

a large c�. The branching ratios of W 0 ! WZ/WH are not sensitive to c� in the range

0.3  c�  0.7, which is about 0.02. Figure 24(c) shows the cross section of various decay

modes of Z 0. We observe a tension between the WW mode and the jj mode. Again, the

leptonic decay mode imposes much tighter constraint as �(Z 0) ⇥ BR(Z 0 ! e+e�)  0.2 fb

by the current measurements [23, 24], which requires c� > 0.89 . Thus, we conclude the

Non-universal model cannot explain the WW excess.

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)C ⌦ SU(3)L ⌦ U(1)X [48–69]. The electroweak

symmetry is broken spontaneously as follows,

SU(3)L ⇥ U(1)X ! SU(2)L ⇥ U(1)Y ! U(1)
em

, (22)

by three scalar triplets ⇢, ⌘ and � with vacuum expectation values as follows,

h⇢i = 1p
2

0

BBB@

0

v⇢

0

1

CCCA
, h⌘i = 1p

2

0

BBB@

v⌘

0

0

1

CCCA
, h�i = 1p

2

0

BBB@

0

0

v�

1

CCCA
. (23)

The � triplet is responsible for the first step of symmetry breaking, while the ⇢ and ⌘ triplets

are responsible for the second step of symmetry breaking.

The electric charge is defined as Q = T
3

+ Y = T
3

+ �T
8

+ X where Ti (i = 1 ⇠ 8)

are eight Gell-Mann Matrices and X is the quantum number associated with U(1)X . The

parameter � stands for the di↵erent 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 0 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 0 and

Z, the mass eigenstates of those gauge bosons can be written in terms of the SU(3)L and
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FIG. 25. The cross section of Z 0 production versus MZ0 for di↵erent choices of � in the G(331)

model at the LHC Run-1. For comparison the production cross section of a sequential Z 0 boson is

also plotted (black-dotted curve).

U(1)X gauge eigenstates W i
µ (i = 1 ⇠ 8) and Xµ as follows:

Y ±QY
µ =

1p
2
(W 4

µ ⌥ iW 5

µ), V ±QV
µ =

1p
2
(W 6

µ ⌥ iW 7

µ),

Z 0
µ = �s

331

W 8

µ + c
331

Xµ, W±
µ =

1p
2
(W 1

µ ⌥ iW 2

µ),

Zµ =
1p

g2 + g2Y

⇥
gW 3

µ � gY
�
c
331

W 8

µ + s
331

Xµ

�⇤
, (24)

where s
331

and c
331

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)L and U(1)X coupling

constants g and gX as follows:

s
331

=
gp

g2 + �2g2X
, c

331

=
�gXp

g2 + �2g2X
, gY =

ggXp
g2 + �2g2X

. (25)

Owing to the gauge symmetry, the trilinear gauge couplings of Y (V )WZ and Z 0ZZ are

absent in the G(331) model. It is di�cult to explain the excesses observed by the ATLAS

collaboration. The Z 0 can couple to theWW/ZH pair through the mixing with the Z boson.

The mixing angle is [48],

sin ✓ZZ0 =
c2W
3

p
f(�)

✓
3�

s2W
c2W

+
p
3↵

◆
m2

Z

M2

Z0
, (26)

where

f(�) =
1

1� (1 + �2)s2W
, �1 < ↵ =

v2�
v2
+

< 1, (27)
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FIG. 26. (a) The branching ratio BR(Z 0 ! WW/ZH) as a function of ↵ for di↵erent choices of

�. (b) The cross section �(Z 0) ⇥ BR(Z 0 ! WW/ZH) as a function of ↵ for di↵erent choices of

� 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.

with v2
+

= v2⌘ + v2⇢ and v2� = v2⌘ � v2⇢. Thus the branching ratios of Z 0 ! WW and Z 0 ! ZH

are sensitive to ↵.

Figure 25 displays the cross section of the Z 0 production in the G(331) model at the LO

for various choices of � parameter. See Ref. [49] for the couplings of Z 0 to the SM fermions.

For a 2 TeV resonance, the production cross sections �(Z 0) are 300 fb for � =
p
3, 454 fb

for � = �
p
3, 21 fb for � = +1/

p
3 and 31 fb for � = �1/

p
3.

We first consider the decay mode of Z 0 ! WW in the G(331) model. Figure 26(a)

displays the branching ratios of BR(Z 0 ! WW/ZH) for the four choices of �. The branching

ratios are sensitive to the ↵ parameter. Figure 26(b) displays the cross section of �(pp !

Z 0 ! WW/ZH) versus ↵. The shaded bands along the curves of � = �
p
3 and � =

p
3

denote the region that is compatible with the WW excess, where �0.17  ↵  0.19 and

�0.23  ↵  0.12 for � = �
p
3 and � =

p
3 respectively. The current exclusion limit,

�(pp ! Z 0 ! ZH)  6.8fb, is shown as the black-dashed horizontal curve.

Other decay modes of the Z 0 boson are also checked in this work. Figure 27 shows the

cross section of Z 0 production with its subsequent decays into the SM quarks and leptons,

i.e. (a) �(pp ! Z 0 ! tt̄), (b) �(pp ! Z 0 ! jj) and (c) �(pp ! Z 0 ! e+e�). The current

experiment bounds are also plotted in the figure. The choices of � = ±
p
3 yield a large

cross section which exceeds the current limits. Even though the choices of � = ±1/
p
3 are

allowed, they cannot explain the 2.6� excess in the WW channel.
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FIG. 27. The cross section of �(pp ! Z 0 ! tt̄) (a), �(pp ! Z 0 ! jj) (b) and �(pp ! Z 0 ! eē)

(c) as a function of ↵ in the G(331) model. The current experimental limits are also displayed.

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)
1

⇥ SU(2)
2

⇥ U(1)X , the other

is called G(331) model with SU(3)C ⇥ SU(3)L ⇥ U(1)X 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)L⇥SU(2)
2

⇥U(1)X ! SU(2)L⇥U(1)Y

(BP-I); (ii) SU(2)
1

⇥ SU(2)
2

⇥U(1)Y ! SU(2)L ⇥U(1)Y (BP-II); (iii) SU(3)L ⇥U(1)X !

SU(2)L⇥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), Lepto-Phobic (LP), Hadro-Phobic (HP), Fermio-Phobic (FP) models;

(ii) the Un-unified (UU) model and the Non-universal (NU)model, (iii) G(331) model with

� = ±
p
3 and � = ±1/

p
3. The phenomenology of W 0 and Z 0 bosons in the above NP

models is explored at the LHC Run-1. All the decay modes of W 0/Z 0 are included, e.g.

W 0 ! jj/tb̄/`⌫/WZ/WH and Z 0 ! ``/⌫⌫/jj/tt̄/WW/ZH.

Firstly, we examine the possibility of interpreting the WZ excess as a 2 TeV W 0 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
2� is favored to induce a large

branching ratio of W 0 ! WZ/WH. For illustration we choose s
2� ⇠ 1 in Table II. In
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Summary

1) We consider simple non-Abelian extensions to 
explain the WZ / WW / ZZ excesses observed by 
ATLAS collaboration.  

2) We found that tensions exist among the diboson 
excesses and leptonic decay modes.  

3) Luckily for us, it will be clear when LHC Run-2 
data comes.
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TABLE II: The fermion couplings and triple boson couplings of the heavy gauge boson in Break-

ing Pattern I and II. For the fermion couplings, the quantum numbers (TL, TR) in BP-I and

(Tl, Th) in BP-II are implied in Table I, and is given in our previous paper [13]. In BP-II, the

fermion notation f means the fermions listed in the column SU(2)1, while F means the fermions

listed in the column SU(2)2 in Table I. For the triple gauge boson couplings, the Lorentz index

[gµ⌫(k1 � k2)⇢ + g⌫⇢(k2 � k3)µ + g⇢µ(k3 � k1)⌫ ] is implied.

Triple gauge boson couplings as well as the scalar-vector-vector couplings are also listed

as they arise from the symmetry breaking and may contribute to the W 0 and Z 0 decay.
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Figure 6: Upper limits, at 95% C.L., on the section times branching ratio limits for the WZ window selection as a
function of mW0 , and for the WW window selection and the ZZ window selections as a function of mGRS . The solid
red line in each figure displays the predicted cross section for the W 0 or GRS model as a function of the resonance
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the WZ channel, and an excited bulk graviton GRS to represent resonances decaying to WW and ZZ. A
W0with EGM couplings and mass between 1.3 and 1.5 TeV is excluded at 95% CL.
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Roman Kogler Searches with boosted signatures in CMS

Combination of VV Searches
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Roman Kogler Searches with boosted signatures in CMS

Comparison to ATLAS
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