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Beyond the Standard Model
The Standard Model raises questions.

Why three nearly identical generations of 
quarks and leptons?

Like the periodic table of  the elements, 
does this suggest an underlying physics?

What causes the flavor differences within 
a generation?

Or mass difference between generations?

How do we unify the forces ?
γ, Z and W are unified already.
Can we include gluons ?
Can we include gravity ?
Why is gravity so weak ?

These questions suggest there will be 
new physics beyond the standard model.

We will search for new physics with dijets.

?

?

?
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Models of New Physics with Dijets
Two types of observations will be considered.

Dijet resonances are new particles beyond the standard model.
Quark contact Interactions are new interactions beyond the standard model.

Dijet resonances are found in models that try to address some of the big 
questions of particle physics beyond the SM, the Higgs, or Supersymmetry

Why Flavor ? Technicolor or Topcolor Octet Technirho or Coloron
Why Generations ? Compositeness Excited Quarks
Why So Many Forces ? Grand Unified Theory W’ & Z’
Can we include Gravity ? Superstrings E6 Diquarks
Why is Gravity Weak ? Extra Dimensions RS Gravitions

Quark contact interactions result from most new physics involving quarks.
Quark compositeness is the most commonly sought example.



Robert Harris, Fermilab 5

Dijet Resonances
New particles that decay to dijets

Produced in “s-channel”
Parton - Parton Resonances

Observed as dijet resonances.
Many models have small width Γ

Similar dijet resonance shapes.
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Quark Contact Interactions
New physics at large scale Λ

Composite Quarks
New Interactions

Modelled by contact interaction
Intermediate state collapses to 
a point for dijet mass << Λ.

Observable Consequences
Has effects at high dijet mass.
Higher rate than standard 
model.
Angular distributions can be 
different from standard model.

This is true for the canonical 
model of a contact among left-
handed quarks by Eichten, 
Lane and Peskin.

New Interactions
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Compositeness: Excited Quarks
Baur, Spira & Zerwas, PRD42,815(1990)

Motivation
Three nearly identical generations suggests compositeness. Periodic table ?
Compositeness is also historically motivated.

Matter Molecules Atoms Nucleons Quarks Preons ?

If quarks are composite particles then excited states, q*, are expected
Excited quarks are produced when a ground state quark absorbs a gluon.
q* decay to the ground state q by emitting any gauge boson: γ, W, Z or g
The dijet process is qg q* qg, and cross section is large (color force).

J = 1/2 and J =3/2 are possible, but searches have been done for J = 1/2.
For example, imagine a non-relativistic model with two preons, one S=0, the 
other S=1/2, ground state L=0, excited state L=1, J=1/2. 

Lagrangian is of magnetic moment type (see Review of Particle Physics)
Usually the couplings f, fs, f’ are set to 1, and Λ is set to q* mass M.
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Superstrings: E6 Diquarks
Angelopoulous, Ellis, Kowalski, Nanopoulos, Tracas & Zwirner

udDλ=L

Superstrings, supersymmetric string theories, claim to be a theory of 
everything

They unify gravity with other forces and claim all particles are string excitations.

They require 10 dimensions, 6 of which must be compactified (curled up).
One attractive compactification proposal leads to 27 fields in the fundamental 
representation of E6. 
This Grand Unified Theory breaks down via SO(10) and SU(5) to the Standard 
Model: SU(3)C x SU(2)L x U(1)Y. 

Model has color triplet, charge ±1/3, scalar diquarks: D.
1st generation production and decay: ud D ud.
Yukawa type Lagrangian with each generation: 
λ, is usually assumed to be an electromagnetic strength coupling: λ = e.
Cross section is large because u and d are valence quarks of proton.

Would be two orders of magnitude larger if color strength couplings were considered!
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Extra SU(3): Axigluons and Colorons
Chiral Color was proposed by Frampton & Glashow

“We regard chiral color as a logical alternative to the standard model that is 
neither more nor less compelling”.
Fundamental gauge groups are SU(3)L x SU(3)R x SU(2)L x U(1)Y
Breaks down to SM plus color octet of massive axial-vector gluons: Axigluons.
Axigluons couple to quark anti-quark pairs with usual color strength.
LHC cross sections are large despite needing an anti-quark from the proton.

Colorons exist in many models.
Topcolor, Topcolor Extended Technicolor, and Flavor Universal Colorons
Last model by Chivukula, Cohens and Simmons is like Chiral Color “sans spin”
Gauge group simply has another  SU(3):  SU(3)1 x SU(3)2 x SU(2)L x U(1)Y
Breaks down to the SM plus a color octet of massive vector gluons: Colorons. 
Colorons couple strongly to quark anti-quark pairs.
Cross sections are same as axigluons if the additional mixing angle cot θ = 1.
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Technicolor: Color Octet Technirhos
(Ken Lane, hep-ph/9605257)

Technicolor has been around a long time and is not dead.
Originally proposed as a model of dynamical electroweak symmetry breaking:

The Higgs boson is not a fundamental scalar.
Higgs is a technipion that is a bound state of two technifermions interacting via 
technicolor.
Theorists have analogies why this is better than a fundamental scalar.

Cooper Pairs in Superconductivity, QCD naturally breaking symmetries, etc.
Minimal model has at least a single family of technifermions that bind to form 
color singlet πT, ρT, and ωT, etc.
One family model has both color triplet techniquarks and color singlet 
technileptons, and in this model there are color octet technirhos, ρT8.

Extended Technicolor attempts to generate flavor dynamically
Quark & lepton masses come from emitting and absorbing ETC gauge bosons.
The model tries to address a difficult problem, but is far from complete.

Color Octet Technirhos are produced via mixing with gluons
Dijet production at LHC is q qbar, gg g ρT8 g q qbar, gg.
Mixing reduces the size of cross section compared to other colored resonances
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GUTS: W’ and Z’
W’ is a heavy W boson

One model is the WR boson in left-right symmetric models.
Gauge group is SU(3)C x SU(2)L x SU(2)R X U(1)
Seeks to provide a spontaneous origin for parity violation in weak 
interactions.

Also a W’ in “alternative left-right model” in E6 GUT.
We consider the Sequential Standard Model (SSM) W’

W’ is same as W but more massive.
LHC cross section is same as W scaled by (MW/MW’)2.  Small.

Z’ boson is a heavy Z boson
These are common features of models of new physics.
GUTS frequently produce an extra U(1) symmetry when they break 
down to SM.

Each U(1) gives a new Z’
We consider the Sequential Standard Model (SSM) 

Z’ is same as Z but more massive.
LHC cross section is same as for Z scaled by (MZ/MZ’)2. Small.
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Extra Dimensions: Randall-Sundrum Gravitons

Randall-Sundrum Model
Adds 1 small extra dimension φ
Warps spacetime by exp(-2krcφ) 
Results in a possible solution to Plank 
scale hierarchy problem.

Predicts Graviton Resonances, G.
Massive spin-2 particles
G fermion pairs, boson pairs

Model has two parameters
Mass of lightest graviton resonance
Coupling parameter k / MPL

Usually considered to be 0.1 or less.

Dijet production at LHC
q qbar, gg G q qbar, gg.
Cross section small except at low mass 
where benefits from gg process.

Planck brane Our brane

gravity localized at φ=0,
exponentially weaker at φ=π

Solution to Hierarchy Problem
Masses of particles on our 
brane exponentially reduced 
from Planck scale masses m0.

m = m0 exp(-krcπ)
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Model-less Motivation
Theoretical Motivation

The many models of dijet resonances are ample theoretical motivation.
But experimentalists should not be biased by theoretical motivations . . .

Experimental Motivation
The LHC collides partons (quarks, antiquarks and gluons).

LHC is a parton-parton resonance factory in a previously unexplored region
Motivation to search for dijet resonances and contact interactions is obvious 

We must do it.
We search for generic dijet resonances, not specific models.

Nature may surprise us with unexpected new particles. 
One search encompasses ALL narrow dijet resonances.

We search for deviations in dijet angular distributions vs. dijet mass
Now the search is focused on a model of quark contact interactions.
It will also be applicable for generic parton contact interactions.
And essential for confirming and understanding any resonances seen.
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Conclusions
There is a long list of new physics models that produce dijets.

Perhaps no single model of physics with dijets is compelling enough to 
warrant a dedicated search.

But the breadth of possibilities increases our chances of finding new 
physics.

This is because so many phenomena couple to quarks, anti-quarks and 
gluons.

Lets not invest too much effort in any particular model: nature’s choice may 
not have been anticipated by us.

“There is more underneath heaven on earth, Horatio, than is dreamed of in your 
philosophy”

William Shakespeare
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