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CHARGED GAUGE BOSONS (W+, W-)

 Standard model predicts W-bosons. Later W-bosons (with 
predicted mass) were discovered!

2

 Why important? W-bosons are weak force mediators !

CERN 1983
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SUCCESS OF STANDARD MODEL (SM)

muon decay process here

Precision Data(LEP, 
SLD, low energy) 
W and Z physics

Tevatron (CDF, D0)
QCD, W,Z,Top

LHC (ATLAS, CMS)
QCD, W,Z,Top,Higgs 

 Current data agree with SM very well

Monday, November 12, 2012
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 Moose notation to remember SM Lagrangian
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STANDARD MODEL IN ONE FIGURE

muon decay process here
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MOTIVATION FOR NEW PHYSICS

muon decay process here

 A light Higgs (observation of a 125 GeV scalar)

 Diphoton Rate enhancement

Why Higgs so light?

Why diphoton rate 
larger than SM?

Hint for New Physics

New physics to solve 
hierarch problem

New particle in the loop

Monday, November 12, 2012
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HEAVY CHARGED GAUGE BOSONS

muon decay process here

 Focus on one kind of vector bosons: heavy charged gauge boson W’

Phenomenological 
W’ (SU(2) extension)

Problems in SM
need new particle

Standard model

SU(2)  U(1) SU(2)  U(1)SU(2) ...

Unknown 
Final new TeV 

theory

New Particle 
(Bottom Up)

New Scalar
(Higgs 

Extension)

New Vector
(Gauge 

Extension)

New Fermion
(Fermion 

Extension)

New High 
Spin Particle

SU(2) x U(1) x U(1) SU(2) x SU(2) x U(1) SU(3) x U(1) SU(5) ...

Fermi Theory of 
Weak interaction

Problem in Fermi 
Theory (Unitarity)

Intermediate Weak 
Boson Model

Standard Model

Monday, November 12, 2012
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Discovery of Heavy 

Gauge Bosons
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Models of Heavy 
Gauge Bosons

7

4
Summary

and Outlook

2
Discovery of Heavy 

Gauge Bosons
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Models of Heavy Charged 
Gauge Bosons
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 Minimal SU(2) Extension
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SU(2) X SU(2) X U(1) MODELS (G221)

muon decay process here

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

Classified by different 
Link fields

Two Stage Symmetry 
Breaking

One Stage Symmetry 
Breaking

Breaking Pattern I

Breaking Pattern II

Higgsless

Chivukula. et.al.
Foadi, Gopalakrishna, Schmidt

Monday, November 12, 2012
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muon decay process here

SU(2)  U(1)SU(2)
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 Further classified by fermion assignments
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BREAKING PATTERN I

muon decay process here

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

Left-Right Model

Flavor universal

Mahapatra, Pati, Senjanovic

Monday, November 12, 2012
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11

BREAKING PATTERN I

muon decay process here

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

Left-Right Model

SU(2)  U(1)SU(2)

Flavor non-universal

Lepto-phobic Model (Quark, Lepton)
Hadro-phobic Model (Quark, Lepton)
Fermio-phobic Model (Quark, Lepton)

Flavor universal

Mahapatra, Pati, Senjanovic
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 Further classified by fermion assignments
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BREAKING PATTERN II

muon decay process here

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

Sequential Model

Flavor universal

Monday, November 12, 2012
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 Further classified by fermion assignments
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BREAKING PATTERN II

muon decay process here

SU(2)  U(1)SU(2)

SU(2)  U(1)SU(2)

Sequential Model

SU(2)  U(1)SU(2)

Top-flavor Model (First two gen., Third gen.)
Un-unified Model (Lepton, Quark)

Malkawi, Yuan

Georgi, Jenkins, Simmons

Flavor non-universalFlavor universal

Monday, November 12, 2012
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  G221 Lagrangians in Moose notation 
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G221 LAGRANGIANS

muon decay process here
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MASS MATRICES AND MIXING

muon decay process here

W2

W1

W1

W1 W1 W2

W2
W2

x is large (EWPTs)
Expansion on the ratio of 

two scales v/u = 1/x

Zero-th order Wave-function

W2W W1 +=W W1

W � W2 W � cosφ W2W1 --= sinφ

cosφ

First order Eigenvalue (W’ mass)

= +

= --W W W WW W �

W �

perturbation theory in quantum mechanics

Monday, November 12, 2012
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COUPLINGS AND FEYNMAN RULES

muon decay process here

e

sin θ

e

cos θ cosφ
e

cos θ sinφ

W W W �

WW � PR
e

cos θ sinφW �

Right-handed W’

Left-Right Model
Manifest Left-Right

Monday, November 12, 2012
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COUPLINGS AND FEYNMAN RULES

muon decay process here
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COUPLINGS AND FEYNMAN RULES(CONT.)

muon decay process here

PL
e

sin θ

e

sin θ cosφ

e

sin θ sinφ

e

cos θ

W

W = W2cosφ

PL
e sinφ

sin θ cosφW �

W � = W2-- sinφ

Left-handed W’

Sequential Model
Manifest Sequential
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SUMMARY OF G221 MODELS

muon decay process here

G221 Models

Breaking Pattern I

Breaking Pattern II

left-right (LRD)

lepto-phobic (LPD)

hadro-phobic (HPD)

fermio-phobic (FPD)

Seqential (SQD)

Top-flavor (TFD)

Un-unified (UUD)

Also other kinds of fermion assignments and Higgs representation ....
Total 10 models

Models (D = Higgs doublet)    W’ Couplings       

SM-like W’

W’ favor top

W’ disfavor lepton

Right-handed W’ 

W’ favor quark

W’ disfavor quark

W’ disfavor fermion

Hsieh, Schmitz, JHY, Yuan

Monday, November 12, 2012
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Discovery of Heavy Charged 
Gauge Bosons (W-primes)
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FIND AN ELEPHANT/A W-PRIME

muon decay process here

Find elephant!
Direct Searches

Find footprint!
Indirect Searches

Find W-
prime!
Direct 
Search

es

Low 
energy,
Z-pole 
data!

Indirect 
Search

es

Monday, November 12, 2012
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INDIRECT SEARCHES

muon decay process here

 37 Observables: Low energy + LEP
 Global fits (GAPP code) shows no more 

than 3 sigma excess in SM prediction

Bad news: No hint on the existence of W-prime!
Good news: Limits on W-prime mass and coupling.

 Re-calculate 37 observables in G221 
models and implement to GAPP code

 Redo the global fitting in G221 models

Monday, November 12, 2012
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 Hadron collider: Best machine to discover W-prime
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DIRECT SEARCHES

muon decay process here

 Production Channels

Drell-Yan process (largest rate)

>>
Associate W’ production process

Except HP, FP

Monday, November 12, 2012
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 Manifest Sequential Model (Narrow Width Approx.)
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PRODUCTION AND DECAY

muon decay process here

j j: huge QCD backgrounds
tb: good, but many decay products

lv: cleanest channel at hadron collider
WH and WZ: small branching ratio

production cross section = 
parton luminosity x Coupling squared

Scaling behavior!

Monday, November 12, 2012
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DRELL-YAN PROCESS

muon decay process here

final states: charged lepton plus missing energy
signature: transverse mass (Jacobian Peak)

Huge backgrounds!

Monday, November 12, 2012



Jiang-Hao Yu (UT Austin & MSU) 24

FIND A NEEDLE IN A HAYSTACK

muon decay process here

Suppress backgrounds Remove almost all haystack

Monday, November 12, 2012
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BACKGROUND SUPPRESSION

muon decay process here

Benchmark Model:
 W’ 1500 GeV, 

manifest sequential 
model

Width 50 GeV
 (missing)TE

0 200 400 600 800 1000

Ev
en

t W
ei

gh
t

0

0.005

0.01

0.015
 Wprime (1.5 TeV)
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UPPER LIMITS IN COUNTING EXPERIMENTS

muon decay process here

Likelihood function

Posterior Probability

Upper Limits

N observed  events, modeled as Poisson distribution with mean 

Bayesian statistics

Neglect uncertainties 

Flat prior in counting exp.

Monday, November 12, 2012
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DIRECT SEARCHES

muon decay process here

Tevatron and LHC Data for W’ and Z’ are used
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G221 MODELS ALLOWED REGION (95%CL)

muon decay process here

PR
e

cos θ sinφW �

PL
e sinφ

sin θ cosφW �

Indirect search allowed region
Tevatron direct search allowed region
LHC direct search allowed region

Manifest sequential model gw coupling (Limits in experiments)

Hsieh, Schmitz, JHY, Yuan
Cao, Li, JHY, Yuan
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CORRELATION BETWEEN W’ AND Z’

muon decay process here

Z’ 
constraints 

are much 
tighter than 

W’

Z’ heavier 
than W’

Degenerate 
masses for 
W’ and Z’

Distinguish 
BPII from BP1

Hsieh, Schmitz, JHY, Yuan
Cao, Li, JHY, Yuan
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G221 DISCOVERY POTENTIAL (14 LHC)

muon decay process here

More region will be explored for W’ 
but not Z’

Observing Z’ alone in lepton channel 
doesn’t mean no W’!

Cao, Li, JHY, Yuan
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G221 DISCOVERY POTENTIAL (14 LHC)

muon decay process here

Manifest Sequential model probes up 
to 4 TeV W’ and Z’ (100 fb-1 data)

Observing W’ and Z’ at the same 
timescale

Cao, Li, JHY, Yuan
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SUMMARY OF G221 W’ DISCOVERY

muon decay process here

Constraints      Discovery Potential 

(lepton channel)

G221 Models

Breaking Pattern I

Breaking Pattern II

left-right (LRD)

lepto-phobic (LPD)

hadro-phobic (HPD)

fermio-phobic (FPD)

Seqential (SQD)

Top-flavor (TFD)

Un-unified (UUD)

1.7 TeV

0.55 TeV

0.5 TeV

0.5 TeV

1.4 TeV

1.7 TeV

3.1 TeV

3.2 - 5 TeV

No improve

0.55 TeV

No improve

3.5 - 5 TeV

2 - 5 TeV

4.6 - 5 TeV

How to discover Lepto-phobic W’?
After discovery, how to determine W’ properties?
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Chiral Properties of Heavy 
Charged Gauge Bosons
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TOP QUARK IS SPECIAL

34

PR
e

cos θ sinφW �

Right-handed W’
Right-handed Top

Breaking Pattern I Breaking Pattern II

PL
e sinφ

sin θ cosφW �

Left-handed W’
Left-handed Top

Can we measure the top quark handedness?
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dΓ

Γd cos θ�
=

1 + cos θ�
2
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TOP QUARK DECAY
 In the top quark rest frame

 In helicity basis

35

−→s t −→p �θ�
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(a)

— positive helicity, right-handed

— negative helicity, left-handed

λt = +1

λt = −1

Kane, Ladinsky, Yuan
Berger, Cao, Chen, JHY, Zhang

lepton is always along 
top spin direction
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CORRELATION BETWEEN TOP AND LEPTON 

muon decay process here

  W’ decays to right-handed top  in BP1, left-handed top in BPII

∼ 1

∼ m2
t

2m2
W

= 2.36

In top rest frame, lepton is maximally polarized 
(always along top spin direction)

Carlson, Yuan
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TOP QUARK CHANNEL

muon decay process here

 [GeV]W’M
1000 1500 2000

) [
pb

]
 l b

 b
 

 W
’ 

(p
p 
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-110

1

10

 = 0
R

 = 1,  fLf

lepto-phobic model: 
No hope to find W-prime in leptonic channel, 

discover W’ in single top channel
Top-flavor model: 

Enhanced couplings to the top quark,
larger chance to find W’ in single top channel

All models, except FP and HP models: 
probe the chiral structures of W’

Backgrounds
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CUT BASED ANALYSIS

muon decay process here
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 (a) Leading jet
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of final state particles
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Yu, Yuan
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DISCOVERY AND CHIRAL STRUCTURE

muon decay process here
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Top Quark reconstruction:
Require on-shell W, to get the solution of 

neutrino Pz (pick up the central one)

reconstruct the whole 
system

boost back to top rest 
frame

No reconstruction is 
needed

Different luminosity

JHY, Yuan
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SUMMARY OF G221 W’ DISCOVERY

muon decay process here

G221 Models

Breaking Pattern I

Breaking Pattern II

left-right (LRD)

lepto-phobic (LPD)

hadro-phobic (HPD)

fermio-phobic (FPD)

Seqential (SQD)

Top-flavor (TFD)

Un-unified (UUD)

1.7 TeV

0.55 TeV

0.5 TeV

0.5 TeV

1.4 TeV

1.7 TeV

3.1 TeV

3.2 - 5 TeV

No improve

0.55 TeV

No improve

3.5 - 5 TeV

2 - 5 TeV

4.6 - 5 TeV

Lepton Channel

Top Channel

Di-boson Channel

Di-boson Channel

Lepton Channel
Lepton/Top 

Channel

Lepton Channel

Constraints      Discovery Potential     W’ Discovery

(lepton channel)

After discovery, all models, except FP and HP models: 
probe the chiral structures of W’!
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Conclusion and Outlook
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 One sentence:
Classified the G221 Moose model, and discussed constraints, 
discovery channels, LHC potential and chiral properties.

CONCLUSION AND OUTLOOK

 More information:
(1) In BP-I(right-handed W’), Z’ is heavier than W’, and in Phobic 
models observing a Z’ in lepton channel alone doesn’t mean no W’;
(2) In BP-II(left-handed W’), degenerate W’ and Z’ mass, and 
observing W’ and Z’ at the same timescale of LHC.
(3) Top quark channel to discover lepto-phobic and top-flavor W’, 
and to probe the chiral structure using the top polarization.

 Outlook:
Di-boson channel, and associate production channel are promising 
to probe symmetry breaking sectors. 

Monday, November 12, 2012



Thank you!
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Back up
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TIMELINE OF CHARGED GAUGE BOSONS

muon decay process here

Fermi theory of 
Weak interaction

1934

V-A current in 
Fermi theory

1956 

Charged Gauge 
Boson Discovery

1983 (CERN) 

Glashow Weinberg 
Salam Model

1967 

Unitarity violation 
in Fermi Theory

1950s 

Phenomenological Intermediate 
Weak Boson Model

1957 
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FEYNMAN RULES IN G221

muon decay process here
|j=1\rangle = \frac{1}
{2} (1+ \cos\theta) |
1-1\rangle + \frac{1}
{2} \sin\theta |
10\rangle + \frac{1}
{2} (1-\cos\theta) |
11\rangle 
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FPD AND UUD MODELS

muon decay process hereMonday, November 12, 2012




