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A Remarkable Theory:

The Standard Model
Forces ïspin 1*Matter ïspin 1/2

stable, everyday matter

unstable, made at particle accelerators

*Gravity (spin 2) is very weak at the particle level ïignore it here

Massless

- infinite range

Mass

~ 100 GeV

Why?

QCD ïmodern

theory of the 

strong force

ïbinds quarks

together into

protons, plus

many more 

hadrons 
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The Three Forces

g

electromagnetism strongweak

n
electric

charge

weak

charge
color

Feynman diagrams let us visualize them

Many similarities between the 3 forces, but one big difference:

Åphoton and gluon* are massless particles 

Ą travel long range, at speed of light

ÅW and Z particles are very massive:  ~100 times mass of proton

Ą they can only have influence over ~1/100 of a proton radius!
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2 is the number of ways light 

(photons) can be polarized.

Cross 2 pairs of polarized 

sunglasses to see this.

For a particle at rest, 

all 3 directions of space (x,y,z) are equivalent 

W & Z just like photons, except they have mass. 

Massive particles can be stationary (at rest).

there must be 3 ways to polarize W and Z bosons

Ą where does the extra polarization come from?

Something Is Missing:
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electroweak

QCD

g*, Z

Vector Bosons Also Self-Interact
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g, Z

Higgs (Anderson, Brout, Englert, Guralnik, Hagen & Kibble) realized

long ago (~1964) that a single scalar spin 0 particle could fix this problem

+

The Higgs boson H

Weak self-interactions by themselves would violate unitarity

at energies well above the weak boson masses:

Something Is Missing (II)

Higgs boson can also give mass to all fermions, not just W and Z
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Hunt for the Higgs

ÅHiggs boson invented in 1964. 

ÅExperimental searches only began around 1980, 

really picked up steam in the 1990s and 2000s

(LEP Ą Tevatron)

ÅSearch is difficult: Higgs doesnôt talk to particles it doesnôt 

give much mass to ïand those are the stable particles we 

know how to collide!

mu = 0.003

md = 0.006

mc = 1.3

ms = 0.12

mt = 184

mb = 5.0

me = 0.0005446 mm= 0.1126 mt= 1.894

(in units of mp)
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What If Higgs Is Wrong, or Incomplete?

ÅLot of reasons to believe that other              
ñnew physicsòis lurking nearby.

ÅRelated to hierarchy problem from quadratic 
divergences in simplest Higgs model:

ÅAlso, SM Higgs accomodates, but does not 
explain, patterns of fermion masses mf

ÅNo SM candidate for dark matter

ÅBut what exactly is the new physics?

No-one really knows.
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One Possibility: Supersymmetry

ÅSymmetry between fermions (matter) and bosons (forces)

ÅPredicts that for every elementary particle we have already seen 

there is another one we will see soon!

ÅSolution to the hierarchy problem: 

fermion + boson corrections to Higgs mass cancel

ÅOne particle can be dark matter

ÅBut is it right?

spin 1/2

spin 0 spin 1/2

spin 0

spin 1
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New Physics Around the Corner

ÅSupersymmetry predicts a host of new massive particles

in this mass range, including a dark matter candidate

ÅMany other theories of electroweak scale mW,Z = 100 GeV

make similar predictions:

Ånew dimensions of space-time

Ånew forces

Åetc.

How to sort them all out?

We expect new physics at the 100 GeV ï1 TeV mass scale, 

associated with electroweak symmetry breaking. 

At the very least, a Higgs boson (or something like it).
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Signals vs. Backgrounds

electron-positron colliders

ïsmall backgrounds

vs.

proton colliders

ïlarge backgrounds
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The Energy Frontier 

Is at Proton Colliders
Tevatron, Fermilab, Illinois

Run II: 2001 Ą 2011?

Åprotons = bags of strongly interacting 

quarks and gluons

Åcollisions make hundreds of   

strongly-interacting particles

Åbackgrounds large

Åcollides protons with antiprotons

Åenergy = 10 times best e+e- LEP2

D0, Fermilab
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The Large Hadron Collider

ÅProton-proton collisions at 7Ą10Ą14 TeV center-of-mass energy,

3.5Ą5Ą7 times greater than previous (Tevatron)

ÅLuminosity (collision rate) 10ð100 times greater

ÅNew window into physics at the shortest distances ïopening this year!

ATLAS

CMS
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Tevatron & LHC Are QCD Machines

ă new physics?

Need precise 

understanding

of ñold physicsò

that looks like

new physics
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Å New particles ïwhether from 
ï supersymmetry 

ï extra dimensions

ï new forces

ï Higgs boson(s)

typically decay into old particles:  

quarks, gluons, charged leptons, neutrinos, photons, 

Ws & Zs (which in turn decay to leptons, é)

Å Kinematic signatures not always clean (e.g. mass bumps)

if neutrinos, or other escaping particles present

Signals and Backgrounds

Å Need precise Standard Model backgrounds for a 

variety of multi-particle processes, to maximize potential for 

new physics discoveries

c
c

n
n

gluino

cascade
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How to Make Precise?

ÅWe can (essentially) only compute reaction rates as a 
perturbative expansion in small parameters (couplings)

QED + + é

e3

g

e

weak

g

QCD

gs
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Asymptotic Freedom

Gluon self-interactions make QCD more calculable at high energies

Quantum fluctuations of massless virtual particles polarize vacuum

Gross, Wilczek, Politzer (1973)

QED:  electrons screen charge (e larger at short distances)

QCD:  gluons anti-screen charge (gs smaller at short distances)

For Nc=3, Nf =5 or 6,  gluons win
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Asymptotic Freedom (cont.)

Running of as is only logarithmic, 

slow at short distances (large Q or m).

confining
calculable

Bethke



L. Dixon       Precise Theory for the Energy Frontier Berlin           28 Sept. 2009 19

QCD Factorization & Parton Model

ÅAsymptotic freedom guarantees that at short

distances (large transverse momenta), 

partons in the proton are almost free. 

ÅSampled ñone at a timeò in hard collisions.

Ą QCD-improved parton model

suitable final state

Parton distribution function

factorization scale

(ñarbitraryò)

Partonic cross section,

computable in perturbative QCD partonic CM energy2 renormalization scale

(ñarbitraryò)

mF ~ MZ
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Problem: Leading-order, tree-level predictions only qualitative

due to poor convergence

of expansion in 

(setting )

Partonic Cross Section 

in Perturbation Theory

Example:  Z production at Tevatron

Distribution in rapidity Y

LO NLO NNLO

has

still  ~50%  corrections, LO Ą NLO

ADMP (2004)

(2007)

by NNLO, a precision observable
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ÅNLO corrections require one-loop amplitudes, as well as 

tree-level amplitudes with one additional parton.

ÅBoth terms are infrared divergent; use dimensional 

regularization with 

ÅAfter adding terms, renormalizing q(x), all         poles cancel.

ÅSimplest example ïZ production:

Need for Loop Amplitudes

tree + 1 parton
1 loop



L. Dixon       Precise Theory for the Energy Frontier Berlin           28 Sept. 2009 22

Lack of Loop Amplitudes

state of the art:

LO = |tree|2

n=8
NLO = loop x tree* + é

n=3

NNLO = 2-loop x tree* + é

n=2

At NLO, the bottleneck for more complex processes 
is the lack of availability of one-loop amplitudes.
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Strong growth in difficulty at one loop (NLO) 

with number of final-state objects

# of jets

3

4

5

6

# 1-loop Feynman diagrams (gluons only)
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ÅCascade from gluino to neutralino

(dark matter, escapes detector)

ÅSignal: missing energy + 4 jets

ÅSM background from Z + 4 jets,

ZĄ neutrinos

Background to Search for Supersymmetry

Current state of art 

for Z + 4 jets:

ALPGEN, based on 

LO tree amplitudes 

Ą normalization still 

quite uncertain

c
c

n
n

1 leg beyond state-of-art

ÅMotivates goal of
Ąnn
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W + n jets Data

NLO (MCFM)

n = 1

n = 2

n = 3  
only LO

available

ïuntil 

this year

LO with

different

matching 

schemes

CDF, 0711.4044 [hep-ex]

Tevatron

% uncertainty
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A Better Way to Compute?

Å Backgrounds (and many signals) require detailed 

understanding of scattering amplitudes for 

many ultra-relativistic (ñmasslessò) particles

ïespecially quarks and gluons of QCD

Å Feynman told 

us how to do this

ïin principle

Å However, Feynman diagrams, while very general and powerful, 
are not optimized for these processes

Å There are more efficient methods for multi-gluon + quark 
processes!
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Feynman Diagrams Not Obsolete

ÅMany state-of-art NLO calculations based on them,    

such as:

Å

Febres Cordero, Reina, Wackeroth, hep-ph/0606102

Higgs background at Tevatron

Å

SUSY background at LHC
Dittmaier, Uwer, Weinzierl, hep-ph/0703120, 0810.0452

Å

Dittmaier, Kallweit, Uwer, 0710.1577; 0908.4124

Campbell, Ellis, Zanderighi, 0710.1832

Higgs (+ jet) background at LHC

Å Higgs (+ tt) background at LHC
_

Bredenstein et al., 0807.1248, 0905.0110
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Remembering a Simpler Time...

The 1960s

ÅIn the 1960s there was no QCD,

no Lagrangian or Feynman rules

for the strong interactions
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The Analytic S-Matrix

Bootstrap program for strong interactions:

Reconstruct scattering amplitudes directly from analytic properties

Chew, Mandelstam; 

Eden, Landshoff, 

Olive, Polkinghorne;

Veneziano; 

Virasoro, Shapiro; 

é (1960s)

Analyticity fell out of favor in 1970s with the rise of QCD & Feynman rules

Ironically, it has now been resurrected for computing amplitudes for 

perturbative QCD ïas an alternative to Feynman diagrams!

ÅPoles

ÅBranch cuts
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The Tail of the Mantis Shrimp

ÅReflects left and right 

circularly polarized light

differently 

ÅLed biologists to discover 

that its eyes have 

differential sensitivity

ÅIt communicates via the

helicity formalism

l/4

plate

ñIt's the most private communication 

system imaginable. No other animal 

can see it.ò
- Roy Caldwell  (U.C. Berkeley)
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What the Biologists Didnôt Know

Particle theorists have also evolved capability 

to communicate results via helicity formalism

unpolarized

any final-state

polarization

effects washed

out by fragmentation

LHC experimentalists are blind to it

must sum over

all helicity

configurations
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Helicity Formalism 

Ą Tree-Level Simplicity in QCD

Many helicity amplitudes either vanish or are very short

Parke-Taylor formula (1986)

Analyticity

makes it possible

to recycle this

simplicity into

loop amplitudes
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Special Complex Momenta

real (singular)

complex (nonsingular)

ÅMakes sense of most basic process with all 3 particles massless
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For Efficient Computation 

Reduce 
the number of ñdiagramsò

Reuse 
building blocks over & over

Recycle 
lower-point (1-loop) & lower-loop (tree)

on-shell amplitudes

Recurse 
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Amplitudes Are ñPlasticò

They fall apart �±factorize �±into simpler ones in special limits


