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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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Goal  of Science: 

To understand the laws of physics and  the fundamental 
composition of matter at the shortest possible distances.

• Proton and neutron composed of quarks

• Nuclei composed of protons and neutrons

• Atoms composed of nuclei and electrons  …
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Searching for the Ultimate Constituents

Electrons, Quarks, and Gluons may be truly pointlike!

α

1fm = 10−15m = 10−13cm

1 GeV resolves 10−16 m = 0.1 fm

1 MeV resolves 10−13 m = 100 fm

1 KeV resolves 10−10 m = 1 Angstrom

1 eV resolves 10−7 m = 1000 Angstrom

1 TeV resolves 10−19 m = 0.0001 fm
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SLAC  Two-Mile Linear Accelerator 
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1967 SLAC Experiment:
Scatter 20 GeV/c Electrons on protons 

in a Hydrogen Target
Discovery of the Quark Structure of Matter

Friedman, Kendall, Taylor: Nobel Prize

ω = 2Mpν
Q2

xBjorken = Q2

2Mpν

Measure rate as a function of energy loss ν

and momentum transfer Q

Scaling at fixed xBjorken = Q2

2Mpν
= 1

ω

ep → e�X

Discovery of quarks!



Deep inelastic electron-proton scattering

• Rutherford scattering using 
very high-energy electrons 
striking protons

Discovery of quarks!
Expectation
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Discovery of Bjorken Scaling
Electron scatters on point-like quarks!
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Deep Inelastic Electron-Proton Scattering
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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Fig. 1: Hadron spectrum.

Fig. 2: Deep inelastic scattering.

Scaling means that the differential cross section, when expressed in terms of these dimensionless param-

eters, in the limit of high energy with x and y fixed, scales like the energy in the process, according to its

canonical dimension

(8)

This property is quite remarkable, since the right hand side does not depend upon , like most moderate

energy cross sections, and it looks more like the behaviour one may find in a renormalizable field theory

with a dimensionless coupling, like electrodynamics. Even more spectacular scaling phenomena are

observed in annihilation, where the total hadron production cross section becomes proportional to

the muon pair cross section at high energies.
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...
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ū

E� = E − ν, �q

Q2 = �q2 − ν2

σ = y−P+

2

|b⊥|(GeV−1)

ψ(σ, b⊥)

u

ū
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"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
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pulsar, is the first one known to "blink" only in gamma rays, and was
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Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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QED:   Underlies Atomic Physics, Molecular Physics, 
Chemistry, Electromagnetic Interactions  ...

QCD:   Underlies Hadron Physics, Nuclear Physics,  
Strong Interactions,  Jets

• Feynman diagrams and perturbation theory

• Bethe Salpeter Equation, Dyson-Schwinger Equations 

• Lattice Gauge Theory, 

• Discretized Light-Front Quantization

• AdS/CFT !

Theoretical Tools
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...
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August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...
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logarithmic derivative 
of the QCD coupling  is negative

Coupling becomes weaker at short 
distances or high momentum transfer

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

ū

E� = E − ν, �q

Q2 = �q2 − ν2
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Using intense X-ray beams, scientists will search for characteristics of the
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First Gamma-ray-only Pulsar Observation Opens New Window on
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Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
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map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
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Physicists Discover New Particle: The Bottom-most
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Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
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logarithmic derivative 
of the QED coupling is positive

Coupling becomes  stronger at short 
distances or high momentum transfer

β =
dαQED(Q2)

d lnQ2
> 0

X

In QED the β- function 

is positive

Landau Pole!



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
26

1

1

!
"

1

2

!
"

1

3

!
"

18

Asymptotic unification of 
strong, electromagnetic, and weak 

forces in analytic 
pinch scheme

QED

QCD

Binger, sjbSupersymmetric
SU(5)



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
27

QCD Lagrangian

LQCD = −1
4
Tr(GµνGµν) +

nf�

f=1

iΨ̄fDµγµΨf +
nf�

f=1

mf Ψ̄fΨf

iDµ = i∂µ − gAµ [Dµ, Dν ] = igGµν

limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

P. Huet, sjb

Analytic limit of QCD: Abelian Gauge Theory

QCD          QED
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limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

QCD → Abelian Gauge Theory

limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

Huet, sjb

Analytic Feature of SU(Nc) Gauge Theory

All  analyses for Quantum Chromodynamics 
must be applicable to Quantum Electrodynamics
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bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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Given the elementary gauge theory interactions, all 
fundamental processes described in principle!

Example from QED:  

Electron gyromagnetic moment - ratio of spin precession 
frequency to Larmor frequency in a magnetic field 

1
2ge = 1.001 159 652 201(30)

1
2ge = 1.001 159 652 193(10)

ge accurate to 11 figures!

QED prediction  (Kinoshita, et al.)

Measurement (Dehmelt, et al.)

Dirac:  ge ≡ 2

1
2ge = 1.001 159 652 201(30)

1
2ge = 1.001 159 652 193(10)

ge accurate to 11 figures!

1
2
ge = 1.001 159 652 180 85 [0.76 ppt]

Measurement (Gabrielse, et al.)
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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with hadronic and weak contributions added, and assuming
no electron substructure. Impressive calculations, summa-
rized in [10], give exact C2, C4, and C6, a numerical value
and uncertainty for C8, and a small a!".

A companion Letter [10] announces a new determina-
tion of #, from the measured g and Eq. (6),
 

#!1 " 137:035 999 710 #90$ #33$ %0:66 ppb&%0:24 ppb&;
" 137:035 999 710 #96$ %0:70 ppb&: (7)

The first line gives the experimental uncertainty first and
the QED uncertainty second, including an estimated con-
tribution from a yet uncalculated C10 [10]. The total
0.70 ppb uncertainty is 10 times smaller than for the next
most precise methods [Fig. 1(b)]—determining # from
measured mass ratios, optical frequencies, together with
either Rb [11] or Cs [12] recoil velocities.

The most stringent test of QED (one of the most de-
manding comparisons of any calculation and experiment)
continues to come from comparing measured and calcu-
lated g, the latter using an independently measured # as an
input. The new g, compared to Eq. (6) with ##Cs$ or
##Rb$, gives a difference j$g=2j< 15' 10!12. Details
and a discussion are in [10]. The small uncertainties in
g=2 will allow a 10 times more demanding test if ever the
large uncertainties in the independent # values can be
reduced. The prototype of modern physics theories is
thus tested far more stringently than its inventors ever
envisioned [20], with better tests to come.

The same comparison of theory and experiment probes
the internal structure of the electron [1,10]—limiting the
electron to constituents with a mass m( >m=

!!!!!!!!!!!
$g=2

p
"

130 GeV=c2, corresponding to an electron radius R< 1'
10!18 m. If this test was limited only by our experimental
uncertainty in g, then we could set a limit m( > 600 GeV.
These high energy limits seem somewhat remarkable for
an experiment carried out at 100 mK.

Are experimental improvements possible? A reduction
of the 0.76 ppt uncertainty of the measured electron g
seems likely, given that this fully-quantum measurement
has only recently been realized. Time is needed to study the
line shapes and cavity shifts as a function of magnetic field,
to improve cooling methods, and to make the magnetic
field more stable.

In conclusion, greatly improved measurements of the
electron magnetic moment and the fine structure constant,
and a sensitive probe for internal electron structure, come
from resolving the lowest cyclotron and spin levels of a
one-electron quantum cyclotron. A self-excited oscillation
of the electron reveals one-quantum transitions. A cylin-
drical Penning trap cavity narrows resonance lines by
inhibiting spontaneous emission. Electromagnetic modes
of this understandable cavity geometry, probed with syn-
chronized electrons, shift g in a measurable way that can be

corrected. The new g=2 differs from a long accepted value
by 1.7 standard deviations, and its fractional uncertainty of
7:6' 10!13 is nearly 6 times smaller. The new # has an
uncertainty 10 times smaller than that from any other
method to determine the fine structure constant.

Measurement details and a preliminary analysis are in a
thesis [21]. S. Peil, D. Enzer, and K. Abdullah contributed
to earlier versions of the apparatus, and J. MacArthur gave
electronics support. Useful comments came from G.
Feldman, D. Hertzog, T. Kinoshita, P. Mohr, L. Roberts,
B. Taylor, and R. S. Van Dyck, Jr. The NSF AMO program
provided long-term funding.

*Present address: University of Chicago, Chicago, IL
60637, USA.

†Present address: Oak Ridge National Laboratory, Oak
Ridge, TN 37831, USA.

‡Electronic address: gabrielse@physics.harvard.edu
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frequency) gives resonance line shapes for !!a and !fc
[Fig. 3(c) and 3(d)]. For weak drives that avoid saturation,
the line shape comes from thermal axial motion within the
magnetic bottle [16]. The small coherent axial oscillation
at !!a has no noticeable effect. However, otherwise unde-
tectable ppb fluctuations in B, on time scales shorter than
an hour, would smear the expected line shapes.

At the first of two magnetic fields used, !!c !
146:8 GHz. A 1.4 s damping time gives good line shape
statistics [e.g., Fig. 3(c) and 3(d)] with 66 measurement
cycles per night on average. Three methods to extract !!a
and !fc from line shapes give the same g within 0.6 ppt—
our ‘‘line shape model’’ uncertainty in Table I. The first is
maximum likelihood fitting of the Brownian motion line
shape. The second method fits a convolution of this line
shape and a Gaussian resolution function, about 1 ppb
wide. The third method weights each drive frequency by
the number of quantum jumps it produces, and uses the
weighted average frequencies in Eq. (4) for !!a and !fc.
(Understood shifts proportional to axial temperature, com-
mon to both frequencies, do not increase the uncertainty.)
This weighted average method should account for
Brownian axial motion and additional fluctuations of B.
At our second field, where !!c ! 149:0 GHz, the 6.7 s
damping time allows only 29 measurement cycles per night
on average. A long wait is needed to make certain that a
spin flip has not occurred. The weighted averages method
is used for the lower statistics line shapes.

The !!z in Eq. (4) pertains while !fc and !!a are driven—
not what is measured when the SEO amplifier is on and
increasing the axial temperature from 0.3 to 5 K. Limits on
axial heating shifts come from the width of a notch in the
noise spectrum resonance for the resonant circuit [15]
(Table I), measured less well for !!c ! 146:8 GHz.

Although the g value from Eq. (4) is independent of B,
field stability is still an important challenge, since !!a and
!fc are measured at different times. After the superconduct-
ing solenoid settles for several months, field drifts below
10"9=night have been observed. This requires regulating
five He and N2 pressures in the solenoid and experiment
cryostats, and the surrounding air temperature to 0.3 K. We
correct for drifts up to 10"9=hr using a cyclotron resonance
edge measured once in 3 h.

The trap cavity modifies the density of states of radiation
modes of free space, though not enough to significantly
affect QED calculations of g [17]. However, cavity radia-
tion modes do shift !fc [18]—still a significant uncertainty,
as in the past [4,18]. We use a synchronized-trapped-
electrons method [19] to observe quantitatively under-
standable radiation modes [Fig. 4(a)] of a good cylindrical
Penning trap cavity [9]. Our best measurement comes from
choosing !!c ! 149:0 GHz, maximally detuned from
modes that couple to a centered electron’s cyclotron mo-
tion. A measurement at !!c ! 146:8 GHz, uncomfortably
close to TE127, checks how well cavity shifts are under-
stood. Until the cavity spectrum and its frequency calibra-
tion is more carefully studied, TE127 and TM143 are
assumed only to lie within the shaded bands. A renormal-
ized calculation (Eq. 8.19 of [15]) gives a range of possible
cavity shifts of the measured g [Fig. 4(b)] that is insensitive
to mode quality factors for Q> 500. Assigned shifts and
uncertainties are indicated in Fig. 4(b) and in Table I. The
first direct observation of a cavity shift of g, the difference
between our two measurements [Fig. 4(c)], lies within the
predicted range.

A new value for the electron magnetic moment,

 g=2 # 1:001 159 652 180 85 $76% &0:76 ppt'; (5)

comes from the measurement at !!c ! 149:0 GHz. (A
weighted average with the more uncertain measurement
at !!c ! 146:8 GHz is larger by 0.06 ppt, with a decreased
uncertainty of 0.75 ppt.) The standard deviation, about
6 times smaller than from any previous measurement,
arises mostly from the line shape model and cavity shifts
(Table I). Varying the !!a and !fc drive power causes no
detectable shifts of g.

QED provides an asymptotic series relating g and ",
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TABLE I. Applied corrections and uncertainties for g in ppt.

Source !!c # 146:8 GHz 149:0 GHz

!!z shift 0.2 (0.3) 0.00 (0.02)
Anomaly power 0.0 (0.4) 0.00 (0.14)
Cyclotron power 0.0 (0.3) 0.00 (0.12)
Cavity shift 12.8 (5.1) 0.06 (0.39)
Line shape model 0.0 (0.6) 0.00 (0.60)
Statistics 0.0 (0.2) 0.00 (0.17)

Total 13.0 (5.2) 0.06 (0.76)

cyclotron frequency (GHz)

146 147 148 149 150 151 152

ca
vi

ty
 s

hi
ft 

of
 g

 in
 p

pt

-20
-15
-10
-5
0

el
ec

tro
n 

cl
ou

d
si

gn
al

TE127

TM143

modes that do not couple
to cyclotron motion of one electron

range of cavity shifts for the range of frequency
assignments for the TE127 and TM143 modes
for mode Q values greater than 500

assigned cavity shifts

(a)

(b) (c)

FIG. 4. Modes of the trap cavity observed with synchronized
electrons (a). Resulting assigned cavity shifts (points and
Table I) (b). First measured cavity shift of g (point) is the shift
between measurements at 146.8 and 149.0 GHz (c). Gray bands
are the assumed calibration and identification uncertainties for
mode frequencies in (a), and the resulting range of predicted
cavity shifts in (b) and (c).
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with hadronic and weak contributions added, and assuming
no electron substructure. Impressive calculations, summa-
rized in [10], give exact C2, C4, and C6, a numerical value
and uncertainty for C8, and a small a!".

A companion Letter [10] announces a new determina-
tion of #, from the measured g and Eq. (6),
 

#!1 " 137:035 999 710 #90$ #33$ %0:66 ppb&%0:24 ppb&;
" 137:035 999 710 #96$ %0:70 ppb&: (7)

The first line gives the experimental uncertainty first and
the QED uncertainty second, including an estimated con-
tribution from a yet uncalculated C10 [10]. The total
0.70 ppb uncertainty is 10 times smaller than for the next
most precise methods [Fig. 1(b)]—determining # from
measured mass ratios, optical frequencies, together with
either Rb [11] or Cs [12] recoil velocities.

The most stringent test of QED (one of the most de-
manding comparisons of any calculation and experiment)
continues to come from comparing measured and calcu-
lated g, the latter using an independently measured # as an
input. The new g, compared to Eq. (6) with ##Cs$ or
##Rb$, gives a difference j$g=2j< 15' 10!12. Details
and a discussion are in [10]. The small uncertainties in
g=2 will allow a 10 times more demanding test if ever the
large uncertainties in the independent # values can be
reduced. The prototype of modern physics theories is
thus tested far more stringently than its inventors ever
envisioned [20], with better tests to come.

The same comparison of theory and experiment probes
the internal structure of the electron [1,10]—limiting the
electron to constituents with a mass m( >m=

!!!!!!!!!!!
$g=2

p
"

130 GeV=c2, corresponding to an electron radius R< 1'
10!18 m. If this test was limited only by our experimental
uncertainty in g, then we could set a limit m( > 600 GeV.
These high energy limits seem somewhat remarkable for
an experiment carried out at 100 mK.

Are experimental improvements possible? A reduction
of the 0.76 ppt uncertainty of the measured electron g
seems likely, given that this fully-quantum measurement
has only recently been realized. Time is needed to study the
line shapes and cavity shifts as a function of magnetic field,
to improve cooling methods, and to make the magnetic
field more stable.

In conclusion, greatly improved measurements of the
electron magnetic moment and the fine structure constant,
and a sensitive probe for internal electron structure, come
from resolving the lowest cyclotron and spin levels of a
one-electron quantum cyclotron. A self-excited oscillation
of the electron reveals one-quantum transitions. A cylin-
drical Penning trap cavity narrows resonance lines by
inhibiting spontaneous emission. Electromagnetic modes
of this understandable cavity geometry, probed with syn-
chronized electrons, shift g in a measurable way that can be

corrected. The new g=2 differs from a long accepted value
by 1.7 standard deviations, and its fractional uncertainty of
7:6' 10!13 is nearly 6 times smaller. The new # has an
uncertainty 10 times smaller than that from any other
method to determine the fine structure constant.

Measurement details and a preliminary analysis are in a
thesis [21]. S. Peil, D. Enzer, and K. Abdullah contributed
to earlier versions of the apparatus, and J. MacArthur gave
electronics support. Useful comments came from G.
Feldman, D. Hertzog, T. Kinoshita, P. Mohr, L. Roberts,
B. Taylor, and R. S. Van Dyck, Jr. The NSF AMO program
provided long-term funding.

*Present address: University of Chicago, Chicago, IL
60637, USA.

†Present address: Oak Ridge National Laboratory, Oak
Ridge, TN 37831, USA.

‡Electronic address: gabrielse@physics.harvard.edu
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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First atoms of antimatter produced at CERN

In September 1995, Prof. Walter Oelert and an international team from Jülich IKP-KFA, Erlangen-
Nuernberg University, GSI Darmstadt and Genoa University succeeded for the first time in synthesising
atoms of antimatter from their constituent antiparticles. Nine of these atoms were produced in collisions
between antiprotons and xenon atoms over a period of three weeks. Each one remained in existence for
about forty billionths of a second, travelled at nearly the speed of light over a path of ten metres and then
annihilated with ordinary matter. The annihilation produced the signal which showed that the anti-atoms had
been created.

Ordinary atoms consist of a number of electrons in orbit around an atomic nucleus. The hydrogen atom is
the simplest atom of all; its nucleus consists of a proton, around which a single electron circulates. The
recipe for anti-hydrogen is very simple - take one antiproton, bring up one anti-electron, and put the latter
into orbit around the former - but it is very difficult to carry out as antiparticles do not naturally exist on
earth. They can only be created in the laboratory. The experimenters whirled previously created antiprotons
around the CERN* Low Energy Antiproton Ring (LEAR), passing them through a xenon gas jet each time
they went around - about 3 million times each second. (see scheme of the experiment) Very occasionally,
an antiproton converted a small part of its own energy into an electron and an anti-electron, usually called a
positron, while passing through a xenon atom. In even rarer cases, the positron's velocity was sufficiently
close to the velocity of the antiproton for the two particles to join - creating an atom of anti-hydrogen (see
diagram of the principle) .

Three quarters of our universe is hydrogen and much of what we have learned about it has been found by
studying ordinary hydrogen. If the behaviour of anti-hydrogen differed even in the tiniest detail from that of
ordinary hydrogen, physicists would have to rethink or abandon many of the established ideas on the
symmetry between matter and antimatter. Newton's historic work on gravity was supposedly prompted by
watching an apple fall to earth, but would an "anti-apple" fall in the same way? It is believed that antimatter
"works" under gravity in the same way as matter, but if nature has chosen otherwise, we must find out how
and why.

The next step is to check whether anti hydrogen does indeed "work" just as well as ordinary hydrogen.
Comparisons can be made with tremendous accuracy, as high as one part in a million trillion, and even an
asymmetry on this tiny scale would have enormous consequences for our understanding of the universe. To
check for such an asymmetry would mean holding the anti-atoms still, for seconds, minutes, days or
weeks. The techniques needed to store antimatter are under intense development at CERN. New
experiments are currently being planned, to capture antimatter in electrical and magnetic bottles or traps
allowing for high precision analysis.

The first ever creation of atoms of antimatter at CERN has opened the door to the systematic exploration of
the anti world.

* CERN, the European Laboratory for Particle Physics, has its headquarters in Geneva. At
present, its Member States are Austria, Belgium, the Czech Republic, Denmark, Finland,
France, Germany, Greece, Hungary, Italy, Netherlands, Norway, Poland, Portugal, the Slovak
Republic, Spain, Sweden, Switzerland and the United Kingdom. Israel, Japan, the Russian
Federation, Turkey, the European Commission and Unesco have observer status.
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Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory
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Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
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• Produces all Rydberg Levels

• Analytic connection to continuum production -- enhanced by SSS at threshold

• Gap extends in cm multiplied by Lorentz boost

• Excite/De-excite levels with external fields, lasers

• Production of True Muonium [μ+μ-] 
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Production of True Muonium [μ+μ-] 

Rydberg Levels and Decays

Production of bound triplet mu+ mu- system in collisions of electrons with atoms.
N. Arteaga-Romero, C. Carimalo, (Paris U., VI-VII) , V.G. Serbo, (Paris U., VI-VII & Novosibirsk State U.) . Jan 2000. 10pp. 
Published in Phys.Rev. A62:032501, 2000. 
e-Print: hep-ph/0001278
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Production of True Muonium in 
an electron-positron collider Lebed, sjb
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Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more
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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...
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October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
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Novel Lepton Physics Studies in 
electron-nucleus reactions

• Production of True Muonium [μ+μ-] 

• Production of Relativistic Muonium [μ+e-]

• Test All-Orders Bethe-Maximon Formula for 
Pair Production

• Lepton Charge Asymmetry

• Test Landau-Pomeranchuk-Migdal (LPM) 
Effect

Use JLab 4 GeV Intense Electron Beam

38
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Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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• Never Observed Before? 

• Measure Lamb Shift of Muonium by 
Robiscoe Method (Level Crossing by 
Induced Magnetic Field)

• Precision Tests of Time Dilation

• Dissociate to muon and electron with foils

• Flying Atoms

Production of Relativistic Muonium [μ+e-]
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Atomic Alchemy 

Decay of a muonic atom to a moving 
electronic atom plus two neutrinos
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Greub, Munger, Wyler, sjb

Measures very high momentum tail of atomic wavefunction
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Bethe-Salpeter Equation for  Hydrogenic  Atoms

an eigenvalue problem for P 0 = EN =
�

M2
N + �P 2

In momentum space:

τa =
ma

ma + mb

τb =
mb

ma + mb

P = pa + pb p = τbpa − τapb

[γ(a) · (τaP + p)−ma][γ(b) · (τbP − p)−mb]ΨN (p, P )

=
�

d4p�G(p, p�;P )ΨN (p�, P )

a

b

(�pa −ma)(�pb −mb)|N >= G|N >

pµ
a + pµ

b = Pµ = (EN , �P )

xa

xb

(i�∂a −ma)(i�∂b −mb)χN (xa, xb) = (GχN )(xa, xb)
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B&he-Salpeter Equation 

BRODSKY AND PRIMACK 

G = G, + GCROSSED + 

(P, - MP, - m,) x = Gx 

e 

GVACPOL. + GSELFENERGY + GNUC-POL + "' 

GCOULOMB -+ Schriidinger equation, proton finite size correction 

+ GTRANS + reduced mass corrections, HFS splittings 

+ Gt&ssD -+ Dirac equation, relativistic reduced mass correction 

+ Gv~c-par + Gss~p s~saov + Lamb shift, radiative corrections to HFS 

+ GNuC-rOL-+ correction to HFS 

Expansion Parameters: 01, Za, me/MT , R,/a, 

FIG. 1. Exact calculation of the hydrogen spectrum. The typical kernels required for calcula- 
tion of the energy levels of the H-atom to the present precision are shown. The one photon 
exchange contribution can be separated into Coulomb and transverse parts in the CM frame. 
The effects of strong interactions are summarized by form factors in G, plus nuclear polarization 
contributions as indicated in Gmc--poL. The main effects of adding the higher order kernels are 
listed below the diagrams. The available small expansion parameters are also given. 

Bethe-Salpeter Theory of Hydrogenic Atoms 
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• Exact Bound-State Formalism for QED if one includes all 2PI 
kernels

• Eigenvalues give complete spectrum, bound state and continuum

• Relativistic, Frame Independent

• Feynman virtualities:

• Reduces to Dirac Coulomb Equation if one includes all crossed 
graph 2PI kernels

• Matrix Elements of electromagnetic current from sum of all 2PI 
contributions

• Normalization of Bethe-Salpeter Wavefunctions also requires 
sum of all 2PI kernels 

• n-body formulation difficult

• No cluster decomposition theorem

Features of Bethe-Salpeter Equation

p2
i �= m2

i
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336 BRODSKY AND PRIMACK 

The CM solution for total spin S and projection M takes the following form 
in position space: 

x 4&y(p) x&iP.x--i”+=o (4.8) 

where x E x, - xb , X = T,X, + T&, , and pa,b = dp2 + rni*, . Equation (4.8) 
is written so that the normalization condition17 compatible with Eq. (2.24), namely 

I d% ‘% 5bdX. > xb>+ (A++ - A--) (pv&. , Xd = 1, (4.9) 

is satisfied if 

i d8! I &~P)I~ = 1. 

In the matrix element of the interaction with an external field, the initial and 
final states will in general have different total momenta; it will consequently be 
necessary to know how to transform the CM wavefunction to an arbitrary 
reference frame. In order to learn the transformation properties of the BS wave- 
function, we return to the definition 

x%& 3 ~b)SM = co 1 T(hz”(&) &?(xb)) 1 OdsM). 

Since a Lorentz transformation leaves the vacuum invariant, U(A) IO) = 1 0), 

(4.10) 

= 1 s;;‘ply S,-‘(A)““‘<0 1 T(y3$(x;), q<x;>> / PESM’) @A.&v) 
M’a’B’ 

I7 The normalization condition (4.9) for ladder approximation was first stated by Salpeter (8). 
For comparison with (4.8), note that a single-particle wave-packet is written 

where 

Solution to Salpeter Equation in CM frame
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Total spin S,  
Projection Sz = M
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b
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where, in momentum space, U is the integral operator 

(U T&)(P) = “/ &’ d(P - P’) 9)AP’) (4.2) 

and we assume for simplicity that g” contains no Dirac matrices.15 Since qA will 
reduce to a product of free positive-energy Dirac spinors in the limit of zero 
binding, we will attempt to find a solution which is of the form 

(4.3) 

where w a,b is a 2 x 2 matrix and a function of p and (I,,~ , 4&(p) is a one-component 
function, and x&(5 = 1,0) is a constant spinor.16 It is useful to define 

u - d = u - (f?Z, + mb - w) = -(??l, + k,) - (mb + kb), 

kz.0 = -Tb.,(U + w>, rasb = ma b , /cm, + mb>- 
(4.4) 

W is the binding energy and k,,, is a kinetic energy operator (for example, in the 
limit of zero binding, ka,b = p2j2m,,, + O(p4/m3)). 

In terms of these quantities, Eq. (4.1) becomes 

[( =a - Pwz 
- ka =, * P - @ma + k,h, 

This equation is satisfied if we take 

1 1 
wa- zrn,+k, %‘P, %=- 2mbfkb ab’P9 

and if #A satisfies the following “Pauli” relativistic two-body equation: 

1 1 
aa * p 2m, i- k, aa’P+ab*P 2mb+kb ab - p + u + w] $.,& = 0. (4.7) 

We emphasize that the solutions to (4.7) are also exact solutions to the Breit 
equation (see also footnote 14). If we drop spin-orbit and other relativistic terms, 
Eq. (4.7) reduces to the two-body SchrSdinger equation in the CM frame: 

(p2/2mr + U + W 4.~ = 0, (4.7’) 

where mr = mamo/(ma + mb). 

I5 For example, g in Eq. (2.16) can be the zeroth component of a four-vector interaction, such 
as the instantaneous Coulomb interaction g,(k) = ysoygo/k2. 

I8 For example, ,yll = x~+ @ x8+, xl0 = a(~~+ @ xa- + x*- @ ,y,,f), etc., where o,,x,* = &xa*, 
ti.*~+6h*) = 1. 
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Single particle wave-packet
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where x’ = Ax, (E, P) = A(&?, 0), S(d) is the usual spinor transformation matrix, 
and g$,M(RW) is the Wigner rotation matrix, which equals &tM here since the 
initial state is at rest. Inverting (4.10) gives the required transformation law 

J&i%; , x;h4 = S%“(4 $?v> x%. , Xbh . (4.11) 

An explicit form for S(cl) is 

S&i) = exp (k a, * V tanh-l ) V I) = ,,/ “;A& (1 + aa ” ), (4.12) d+E 

where V = P/E. With y = (1 - 2 V )- li2, the Lorentz transformation on x, is 

x, = x’, + (y - 1)x; * VV - JVx;’ = 5, - yvx;‘, x,” = y($ - v * x’,). (4.13) 

Now Eq. (2.19), which we apply in the transformed reference frame as well as 
the CM frame, implies the following transformation law for ‘p: 

YE&(X’, x’, X0’) = x&x? = 0, x’; X0’, X) (4.14) 
= S&l) S,(A) x.&(-yv - x’, 2; yxo - yv . X’, 2 - yvxq. 

As might be expected, the equal-time (x O’ = 0) wavefunction in the new reference 
frame corresponds to an unequal-time wavefunction in the CM frame. However, 
the dependence of x& on the CM relative time x0 = --yV * x’ is completely 
determined by Eq. (2.21); for small V we are justified in neglecting x”.le Then 
(omitting primes) 

9%P(xa xb 3 x0)&V 

i 

*P ‘P 
‘+ u&E 2i,.+k, 

=b *P =b * P 

X ’ - .,&if + E 2mb + kb 
P P P 

=a * A’+E + 2m, + k, =b ’ d$.E - 2i?lbp+kb 

X d&p) xsM exp[ip * % + iP * X] exp[--iEXO]. (4.15) 

Here jz = x + (y - 1) w  * x includes the Lorentz-Fitzgerald contraction of 
the wave function. Again, P”,,~ = z/p2 + rnfab. 

I* This is similar to the approximation made in deriving Eq. (2.16). See Footnote (8). 

Guess wavefunction for moving bound state
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In terms of these quantities, Eq. (4.1) becomes 

[( =a - Pwz 
- ka =, * P - @ma + k,h, 

This equation is satisfied if we take 

1 1 
wa- zrn,+k, %‘P, %=- 2mbfkb ab’P9 

and if #A satisfies the following “Pauli” relativistic two-body equation: 

1 1 
aa * p 2m, i- k, aa’P+ab*P 2mb+kb ab - p + u + w] $.,& = 0. (4.7) 

We emphasize that the solutions to (4.7) are also exact solutions to the Breit 
equation (see also footnote 14). If we drop spin-orbit and other relativistic terms, 
Eq. (4.7) reduces to the two-body SchrSdinger equation in the CM frame: 

(p2/2mr + U + W 4.~ = 0, (4.7’) 

where mr = mamo/(ma + mb). 

I5 For example, g in Eq. (2.16) can be the zeroth component of a four-vector interaction, such 
as the instantaneous Coulomb interaction g,(k) = ysoygo/k2. 

I8 For example, ,yll = x~+ @ x8+, xl0 = a(~~+ @ xa- + x*- @ ,y,,f), etc., where o,,x,* = &xa*, 
ti.*~+6h*) = 1. 
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The CM solution for total spin S and projection M takes the following form 
in position space: 

x 4&y(p) x&iP.x--i”+=o (4.8) 

where x E x, - xb , X = T,X, + T&, , and pa,b = dp2 + rni*, . Equation (4.8) 
is written so that the normalization condition17 compatible with Eq. (2.24), namely 

I d% ‘% 5bdX. > xb>+ (A++ - A--) (pv&. , Xd = 1, (4.9) 

is satisfied if 

i d8! I &~P)I~ = 1. 

In the matrix element of the interaction with an external field, the initial and 
final states will in general have different total momenta; it will consequently be 
necessary to know how to transform the CM wavefunction to an arbitrary 
reference frame. In order to learn the transformation properties of the BS wave- 
function, we return to the definition 

x%& 3 ~b)SM = co 1 T(hz”(&) &?(xb)) 1 OdsM). 

Since a Lorentz transformation leaves the vacuum invariant, U(A) IO) = 1 0), 

(4.10) 

= 1 s;;‘ply S,-‘(A)““‘<0 1 T(y3$(x;), q<x;>> / PESM’) @A.&v) 
M’a’B’ 

I7 The normalization condition (4.9) for ladder approximation was first stated by Salpeter (8). 
For comparison with (4.8), note that a single-particle wave-packet is written 

where 

Single particle wave-packet
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where x’ = Ax, (E, P) = A(&?, 0), S(d) is the usual spinor transformation matrix, 
and g$,M(RW) is the Wigner rotation matrix, which equals &tM here since the 
initial state is at rest. Inverting (4.10) gives the required transformation law 

J&i%; , x;h4 = S%“(4 $?v> x%. , Xbh . (4.11) 

An explicit form for S(cl) is 

S&i) = exp (k a, * V tanh-l ) V I) = ,,/ “;A& (1 + aa ” ), (4.12) d+E 

where V = P/E. With y = (1 - 2 V )- li2, the Lorentz transformation on x, is 

x, = x’, + (y - 1)x; * VV - JVx;’ = 5, - yvx;‘, x,” = y($ - v * x’,). (4.13) 

Now Eq. (2.19), which we apply in the transformed reference frame as well as 
the CM frame, implies the following transformation law for ‘p: 

YE&(X’, x’, X0’) = x&x? = 0, x’; X0’, X) (4.14) 
= S&l) S,(A) x.&(-yv - x’, 2; yxo - yv . X’, 2 - yvxq. 

As might be expected, the equal-time (x O’ = 0) wavefunction in the new reference 
frame corresponds to an unequal-time wavefunction in the CM frame. However, 
the dependence of x& on the CM relative time x0 = --yV * x’ is completely 
determined by Eq. (2.21); for small V we are justified in neglecting x”.le Then 
(omitting primes) 

9%P(xa xb 3 x0)&V 

i 

*P ‘P 
‘+ u&E 2i,.+k, 

=b *P =b * P 

X ’ - .,&if + E 2mb + kb 
P P P 

=a * A’+E + 2m, + k, =b ’ d$.E - 2i?lbp+kb 

X d&p) xsM exp[ip * % + iP * X] exp[--iEXO]. (4.15) 

Here jz = x + (y - 1) w  * x includes the Lorentz-Fitzgerald contraction of 
the wave function. Again, P”,,~ = z/p2 + rnfab. 

I* This is similar to the approximation made in deriving Eq. (2.16). See Footnote (8). 

Correct  wavefunction for moving bound state
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where, in momentum space, U is the integral operator 

(U T&)(P) = “/ &’ d(P - P’) 9)AP’) (4.2) 

and we assume for simplicity that g” contains no Dirac matrices.15 Since qA will 
reduce to a product of free positive-energy Dirac spinors in the limit of zero 
binding, we will attempt to find a solution which is of the form 

(4.3) 
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by the sum of the relativistic interaction Hamiltonians appropriate to the free 
constituents, but that the nonrelativistic reduction of this Hamiltonian does 
no2 yield the sum of the corresponding reduced (e.g. Foldy-Wouthyusen (F-W)) 
Hamiltonians if the constituents have spin. The crucial error in deriving F-W 
additivity is in neglecting the spin transformation of the composite state wave- 
function associated with the center of mass (CM) motion. 

The correct nonrelativistic reduction of the interaction Hamiltonian for a 
composite system of two spin Q particles in an external electromagnetic field 
takes the following form2 

+ O(l/~s>. (1.1) 
The terms proportional to (M+z,)-~ or (M,m,)-l are correction terms to F-W 
additivity. 

We were motivated to undertake this investigation in attempting to understand 
certain difficulties in connection with the Drell-Hearn (I)-Gerasimov (2) (DHG) 
sum rule and the low energy theorem for Compton scattering (3). The low energy 
theorem for Compton scattering is a fundamental statement for electrodynamics: 
given the total mass, spin, charge, and magnetic moment of any discrete system, 
the photon scattering amplitude is determined to first order in frequency. As a 
consequence of the low energy theorem, the DHG sum rule for the photoabsorption 
cross section is obtained by assuming an unsubtracted dispersion relation for the 
spin-flip forward amplitude. Again, the result depends only on the spin and static 
properties of the target system-no distinction is made between elementary and 
composite systems. 

f Here e. , m. , p. , and $0. are the charge, mass, total magnetic moment, and spin of fermion a. 
Note that we take S = *(us + oJ to be the total spin in the c.m. frame. The relative and total 
four-momentum are given by MTp = mapa - rnGa, P = p. + pa, with Mr = m. + ma. As 
indicated below, the wavefunction ~(xi, x@ to be used for evaluating matrix elements of (1.1) 
must include the Lorentz contraction x’ = dx. This is important for evaluating the DHG sum 
rule and low energy theorem for bound states with orbital angular momentum 1 > 1. Equa- 
tion (1) includes only terms involving the external field Ap = (A.“, AJ = &(x8); there are 
consequently no Darwin terms. The Hamiltonian for the atom in zero external field is assumed 
to be known. Binding correction factors of order (1 + W/m) are neglected here as well as cross 
terms in the binding potential U and the external field such as o . VU x A. 

Correct reduction of electromagnetic interaction 
in nonrelativistic limit 

a

b

a

b

Bound state of two spin-1/2 particles

Correction to 
Foldy-Wouthyusen!

Primack, sjb 
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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6. LOW ENERGY FORWARD COMPTON SCATTERING 

A. SPIN 4 COMPOSITE SYSTEM 

It is possible to prove from field theory (3), or directly from S-matrix theory (20), 
that the amplitude for Compton scattering is completely determined to first order 
in the photon frequency by the static properties of the discrete system. In particular, 
for a spin 4 system characterized by mass .M, charge Zre, and magnetic moment p, 
the S-matrix for low-energy forward Compton scattering must take the form 

Sfi = -2d(E, - Ei) Mfi (6.1) 

where 

M,$ = & (27q P(Pf - Pi) [q 6’ * &Sfi + 2iw (I* - gg” Ofi * 6’ x 2 + O(w2)]. 

(6.2) 
This result depends essentially only on relativistic invariance, and is valid for 
atoms and nuclei as well as elementary particles. 27 As a check on the consistency 
of our formalism, we rederive it in this section for the spin 4 system of a “proton” 
(mass M, charge Z, magnetic moment t.~ = (Ze/2M) + X) loosely bound in an 
S-state to a “pion” (mass m, charge z) so that ZT = Z + z, and J&’ = M + m - W.28 
(The notation is summarized in Table 11.) We use techniques very similar to 
those employed in deriving the DHG sum rule for this system. 

The first and second order perturbation theoryzg contributions to the S-matrix 
elements for forward Compton scattering give 

M,i=(f,kC’IHemIi,k~)+C (f, kb’ I Hem I j>(j I Hem I i, kb) 
i Ei + w - Ei + ie 

+C 
(f, ki?’ 1 Ifem I j, ki?‘, kC)(j, kg’, kb I Hem I i, kb) 

i Ei - w - Ej (6.3; 

The electromagnetic interaction Hamiltonian 

--Hem = Zea * A@,) i- hfi[a l B(q) - ia * E(r,)] + zev,, * A@,) -‘g A(q)2 (6.4) 

is the same as that employed in the last section-with the addition of the quadratic 

27 It is necessary for the validity of our treatment, however, that the system to which we apply 
Eq. (6.2) satisfy the following requirements: (1) There is no state “accidentally” degenerate in 
energy with the ground state. (2) There is a finite gap in energy between the ground state and the 
continuum. 

88 We remind the reader that W is the binding energy and that we assume W < M, m. 
H See Eq. (2.11). 

M↑→↓(θ = 0)
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Dirac’s Amazing Idea:
The “Front Form”

Fig. 1. Dirac’s three forms of Hamiltonian dynamics.

2.4. Forms of Hamiltonian dynamics

Obviously, one has many possibilities to parametrize space—time by introducing some general-
ized coordinates xJ (x). But one should exclude all those which are accessible by a Lorentz
transformation. Those are included anyway in a covariant formalism. This limits considerably the
freedom and excludes, for example, almost all rotation angles. Following Dirac [123] there are no
more than three basically different parametrizations. They are illustrated in Fig. 1, and cannot be
mapped on each other by a Lorentz transform. They differ by the hypersphere on which the fields
are initialized, and correspondingly one has different “times”. Each of these space—time parametriz-
ations has thus its own Hamiltonian, and correspondingly Dirac [123] speaks of the three forms of
Hamiltonian dynamics: The instant form is the familiar one, with its hypersphere given by t"0. In
the front form the hypersphere is a tangent plane to the light cone. In the point form the time-like
coordinate is identified with the eigentime of a physical system and the hypersphere has a shape of
a hyperboloid.

Which of the three forms should be prefered? The question is difficult to answer, in fact it is
ill-posed. In principle, all three forms should yield the same physical results, since physics should
not depend on how one parametrizes the space (and the time). If it depends on it, one has made
a mistake. But usually one adjusts parametrization to the nature of the physical problem to
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‘Tis a mistake / Time flies not
It only hovers on the wing

Once born the moment dies not
‘tis an immortal thing

Montgomery
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Light-Front Wavefunctions:  rigorous representation of composite 
systems in quantum field theory
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S.J. Brodsky et al. / Nuclear Physics B 593 (2001) 311–335 331

moment vanishes [22]. The light-cone formalism also properly incorporatesWigner boosts.

Thus this model of composite systems can serve as a useful theoretical laboratory to

interrelate hadronic properties and check the consistency of formulae proposed for the

study of hadron substructure.

7. Spin and orbital angular momentum composition of light-cone wavefunctions

In general the light-cone wavefunctions satisfy conservation of the z projection of

angular momentum:

J z =
n∑

i=1
sz
i +

n−1∑

j=1
lzj . (62)

The sum over sz
i represents the contribution of the intrinsic spins of the n Fock state

constituents. The sum over orbital angular momenta lzj = −i
(
k1j

∂
∂k2j

− k2j
∂

∂k1j

)
derives from

the n−1 relative momenta. This excludes the contribution to the orbital angularmomentum
due to the motion of the center of mass, which is not an intrinsic property of the hadron.

We can see how the angular momentum sum rule Eq. (62) is satisfied for the

wavefunctions Eqs. (20) and (23) of the QED model system of two-particle Fock states.

In Table 1 we list the fermion constituent’s light-cone spin projection sz
f = 1

2
λf, the boson

constituent spin projection sz
b = λb, and the relative orbital angular momentum lz for each

contributing configuration of the QED model system wavefunction.

Table 1 is derived by calculating the matrix elements of the light-cone helicity operator

γ +γ 5 [29] and the relative orbital angular momentum operator−i
(
k1 ∂

∂k2
− k2 ∂

∂k1

)
[16,30,

31] in the light-cone representation. Each configuration satisfies the spin sum rule: J z =
sz
f + sz

b + lz.

For a better understanding of Table 1, we look at the non-relativistic and ultra-relativistic

limits. At the non-relativistic limit, the transversal motions of the constituent can be

neglected and we have only the | + 1
2
〉 → | − 1

2
+ 1〉 configuration which is the non-

relativistic quantum state for the spin-half system composed of a fermion and a spin-1

boson constituents. The fermion constituent has spin projection in the opposite direction

to the spin J z of the whole system. However, for ultra-relativistic binding in which the

transversal motions of the constituents are large compared to the fermion masses, the

Table 1

Spin decomposition of the J z = + 1
2
electron

Configuration Fermion spin sz
f

Boson spin sz
b

Orbital ang. mom. lz

∣∣+ 1
2

〉
→

∣∣+ 1
2

+ 1
〉

+ 1
2

+1 −1
∣∣+ 1

2

〉
→

∣∣− 1
2

+ 1
〉

− 1
2

+1 0
∣∣+ 1

2

〉
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〉
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Conserved 
LF Fock state by Fock 

State!

n-1 orbital angular momenta

Angular Momentum on the Light-Front

Nonzero Anomalous Moment -->Nonzero orbital angular momentum

LF Spin Sum Rule

Orbital angular momentum is a property of Light-Front Wavefunctions
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
60

Quantum Mechanics: Uncertainty in  p, x, spin

Relativistic Quantum Field Theory: 
Uncertainty in particle number n
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n=3

Ψn(xi,�k⊥i,λi)|n;�k⊥i,λi>

|p,Sz>= ∑
n=3

Ψn(xi,�k⊥i,λi)|n;�k⊥i,λi>

The Light Front Fock State Wavefunctions

Ψn(xi,�k⊥i,λi)

are boost invariant; they are independent of the hadron’s energy
and momentum Pµ.
The light-cone momentum fraction

xi =
k+
i
p+ =

k0i + kzi
P0+Pz

are boost invariant.
n

∑
i
k+
i = P+,

n

∑
i
xi = 1,

n

∑
i

�k⊥i =�0⊥.

sum over states with n=3, 4, ...constituents

Fixed LF time
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Intrinsic heavy quarks    s̄(x) �= s(x)

φM(x, Q0) ∝
�

x(1− x)

ψM(x, k2
⊥)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep→ eπ+n

Pπ/p � 30%

Violation of Gottfried sum rule

ū(x) �= d̄(x)

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3

c(x), b(x) at high x
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Heisenberg Matrix 
FormulationLight-Front QED

Eigenvalues and Eigensolutions give Positronium 
Spectrum and Light-Front wavefunctions

Fig. 6. A few selected matrix elements of the QCD front form Hamiltonian H"P
!

in LB-convention.

10. For the instantaneous fermion lines use the factor ¼
"

in Fig. 5 or Fig. 6, or the corresponding
tables in Section 4. For the instantaneous boson lines use the factor ¼

#
.

The light-cone Fock state representation can thus be used advantageously in perturbation
theory. The sum over intermediate Fock states is equivalent to summing all x!-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because of the restric-
tion to positive x, diagrams corresponding to vacuum fluctuations or those containing backward-
moving lines are eliminated.

3.4. Example 1: ¹he qqN -scattering amplitude

The simplest application of the above rules is the calculation of the electron—muon scattering
amplitude to lowest non-trivial order. But the quark—antiquark scattering is only marginally more
difficult. We thus imagine an initial (q, qN )-pair with different flavors fOfM to be scattered off each
other by exchanging a gluon.

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states

!q, qN "" 1

!n
$

%$

!
$!"

b!
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H
int
LF : Matrix in Fock Space

Physical gauge: A+ = 0
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L
QED → H

QED
LF

H
QED
LF =

�

i

[
m

2 + k
2
⊥

x
]i + H

int
LF

H
QED
LF |Ψh >= M2

h|Ψh >



 

In terms of the hadron four-momentum P =

(P
+

, P
−

, �P⊥) with P
±

= P
0 ± P

3
, the light-

front frame independent Hamiltonian for a

hadronic composite system H
QCD

LC
= PµP

µ
=

P
−

P
+− �P

2

⊥, has eigenvalues given in terms of

the eigenmass M squared corresponding to

the mass spectrum of the color-singlet states

in QCD,

H
QCD

LC
|Ψh� =M2

h
|Ψh�
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Fig. 2. The Hamiltonian matrix for a SU(N)-meson. The matrix elements are represented by energy diagrams. Within
each block they are all of the same type: either vertex, fork or seagull diagrams. Zero matrices are denoted by a dot ( ) ).
The single gluon is absent since it cannot be color neutral.

mass or momentum scale Q. The corresponding wavefunction will be indicated by corresponding
upper scripts,

!!""
!#"

(x
#
, k

!
, !

#
) or !!$"

!#"
(x

#
, k

!
, !

#
) . (3.15)

Consider a pion in QCD with momentum P"(P%, P
!
) as an example. It is described by

"# : P$" $
!
!%&
!d[%

!
]"n : x

#
P%, k

!#
#x

#
P
!
, !

#
$!

!#!(x#
, k

!#
, !

#
) , (3.16)

where the sum is over all Fock space sectors of Eq. (3.7). The ability to specify wavefunctions
simultaneously in any frame is a special feature of light-cone quantization. The light-cone
wavefunctions !

!#! do not depend on the total momentum, since x
#
is the longitudinal momentum

fraction carried by the i"# parton and k
!#

is its momentum “transverse” to the direction of the
meson; both of these are frame-independent quantities. They are the probability amplitudes to find
a Fock state of bare particles in the physical pion.

More generally, consider a meson in SU(N). The kernel of the integral equation (3.14) is
illustrated in Fig. 2 in terms of the block matrix &n : x

#
, k

!#
, !

#
"H"n' : x'

#
, k'

!#
, !'

#
$. The structure of this

matrix depends of course on the way one has arranged the Fock space, see Eq. (3.7). Note that most
of the block matrix elements vanish due to the nature of the light-cone interaction as defined in
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For leptons, such as the electron or neutrino, it is convenient to employ the electron

mass for M , so that the magnetic moment is given in Bohr magnetons.

Now we turn to the evaluation of the helicity-conserving and helicity-flip vector-

current matrix elements in the light-front formalism. In the interaction picture, the

current Jµ
(0) is represented as a bilinear product of free fields, so that it has an

elementary coupling to the constituent fields [13, 14, 15]. The Dirac form factor can

then be calculated from the expression

F1(q
2
) =

�

a

�
[dx][d

2k⊥]
�

j

ej

�
ψ↑∗

a (xi,k
�
⊥i, λi) ψ↑

a(xi,k⊥i, λi)

�
, (10)

whereas the Pauli and electric dipole form factors are given by

F2(q2
)

2M
=

�

a

�
[dx][d

2k⊥]
�

j

ej
1

2
× (11)

�
− 1

qL
ψ↑∗

a (xi,k
�
⊥i, λi) ψ↓

a(xi,k⊥i, λi) +
1

qR
ψ↓∗

a (xi,k
�
⊥i, λi) ψ↑

a(xi,k⊥i, λi)

�
,

F3(q2
)

2M
=

�

a

�
[dx][d

2k⊥]
�

j

ej
i

2
× (12)

�
− 1

qL
ψ↑∗

a (xi,k
�
⊥i, λi) ψ↓

a(xi,k⊥i, λi)−
1

qR
ψ↓∗

a (xi,k
�
⊥i, λi) ψ↑

a(xi,k⊥i, λi)

�
.

The summations are over all contributing Fock states a and struck constituent charges

ej. Here, as earlier, we refrain from including the constituents’ color and flavor

dependence in the arguments of the light-front wave functions. The phase-space

integration is

�
[dx] [d

2k⊥] ≡
�

λi,ci,fi

�
n�

i=1

�� �
dxi d

2k⊥i

2(2π)3

��

16π3δ

�

1−
n�

i=1

xi

�

δ(2)

�
n�

i=1

k⊥i

�

, (13)

where n denotes the number of constituents in Fock state a and we sum over the

possible {λi}, {ci}, and {fi} in state a. The arguments of the final-state, light-front

wave function differentiate between the struck and spectator constituents; namely, we

have [13, 15]

k�
⊥j = k⊥j + (1− xj)q⊥ (14)

for the struck constituent j and

k�
⊥i = k⊥i − xiq⊥ (15)

for each spectator i, where i �= j. Note that because of the frame choice q+
= 0, only

diagonal (n�
= n) overlaps of the light-front Fock states appear [14].
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Drell, sjbA(σ,∆⊥) = 1
2π

�
dζe

i
2σζM(ζ,∆⊥)

P+, �P⊥

xiP
+, xi

�P⊥+ �k⊥i

ζ = Q2

2p·q

x̂, ŷ plane

M2(L) ∝ L

Must have ∆�z = ±1 to have nonzero F2(q2)

-

β = 0

B(0) = 0 Fock-state-by-Fock state

qR,L = qx ± iqy

ψ(x, b⊥)

x

b⊥(GeV)−1

Identify z ↔ ζ =
�

x(1− x) b⊥
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Same matrix elements appear in Sivers effect
-- connection to quark anomalous moments
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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zero for q+ = 0

66

zero !!

Calculation of Form Factors in  Equal-Time Theory

Instant Form

Calculation of Form Factors in  Light-Front Theory

Front Form

Need vacuum-induced currents

Absent for q+ = 0



Calculation of proton form factor in Instant Form 

• Need to boost proton wavefunction from p to p+q:  Extremely 
complicated dynamical problem; particle number changes

• Need to couple to all currents arising from vacuum!!

• Wavefunction insufficient to compute matrix elements

• Each time-ordered contribution is frame-dependent

• States built on normal-ordered acausal vacuum

• Divide by disconnected vacuum diagrams

• Light-Front vacuum trivial!  No conflict with cosmology   

< p + q|Jµ(0)|p >

p + qp p + qp

Cosmological constant 10120 too large from QED?
67
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Diffractive Dissociation of Pion  into 
Quark Jets

Measure Light-Front Wavefunction of Pion

Minimal momentum transfer to nucleus
Nucleus left Intact!

E791 Ashery et al.
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Diffractive Dissociation of  Atoms 

Measure Light-Front Wavefunction of Positronium 
and Other Atoms

Minimal momentum transfer to Target
Target left Intact!
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E791 FNAL Diffractive DiJet 

Two-gluon exchange measures the second derivative of the pion
light-front wavefunction

q

q̄

g

π
q

q̄

g

π

q

q̄

g

π
N

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q

q̄

N

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q

q̄

M ∝ ∂2

∂2k⊥
ψπ(x, k⊥)

F2
A(q2⊥) ∼ e−

1
3R2

Aq2⊥

∆Pz =
M2

final−M2
initial

2ELab

LIoffe = 1
∆Pz

∼ 2Elab
M2

qq̄

For Eπ
Lab = 500GeV,

M2
qq̄ < 50GeV2

 Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

70



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky

Coulomb-Photon exchange 
measures the derivative of the positronium

light-front wavefunction

q

q̄

g

π

q

q̄

g

π
N

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q

q̄

N

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q

q̄

71

[e+e−]

M ∝ ∂

∂�k⊥
ψe+e−(x,�k⊥)[e+e−]

Atom Atom
Z

e−

e−

e+

e−

See screening by atomic electrons at low 
momentum transfer

e+

e−



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky

Key Ingredients in  E791 Experiment

Small color-dipole moment pion not absorbed; 
interacts with each nucleon coherently 

QCD COLOR Transparency

q

q̄

g

π
q

q̄

g

π

q

q̄

g

π
N

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q

q̄

Target left intact

Brodsky Mueller
Frankfurt Miller 

Strikman

Diffraction, Rapidity gap

MA = A MN

dσ
dt (πA → qq̄A�) = A2 dσ

dt (πN → qq̄N �) F2
A(t)

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q

MA = A MN

dσ
dt (πA → qq̄A�) = A2 dσ

dt (πN → qq̄N �) F2
A(t)

M ∝ i s α2
s bπ

⊥ bN
⊥

σ ∝ α4
s (bπ

⊥)2 (bN
⊥)2

M ∝ b⊥

M ∝ s

q
72

A

A�

σ = x− = ct − x3

x+ = ct + x3

x1

x2

log10 Q2(GeV2)

A

A�

σ = x− = ct − x3

x+ = ct + x3

x1

x2

log10 Q2(GeV2)



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky

D. Ashery / Progress in Particle and Nuclear Physics 56 (2006) 279–339 301

Table 1

The exponent in σ ∝ Aα , experimental results for coherent dissociation and the color-transparency (CT) predictions [69]

kt bin (GeV/c) α #αstat #αsys #α α(CT)

1.25–1.5 1.64 ±0.05 +0.04–0.11 +0.06–0.12 1.25

1.5–2.0 1.52 ±0.09 ±0.08 ±0.12 1.45

2.0–2.5 1.55 ±0.11 ±0.12 ±0.16 1.60

Fig. 14. q2t distributions of dijets with 1.5 ≤ kt ≤ 2.0 GeV/c for the platinum and carbon targets. The lines are fits of the

MC simulations to the data: coherent nuclear dissociation (dotted line), coherent nucleon/incoherent nuclear dissociation

(dashed line), background (dashed–dotted line) and total fit (solid line).

note also that in their more recent work [70] the authors carried out more detailed calculations

and predicted a value α = 1.54.

This process was calculated also by Nikolaev et al. [74] who include higher twist corrections.

They calculate the α dependence and their results are very similar to those shown in Table 1 as
derived from [69].

In summary of this section we may conclude that color transparency was well demonstrated

in vector meson electroproduction and in diffractive dissociation of the pion to dijets. It was not

unambiguously verified for the proton. It is important to understand the experimental results for

the proton: why (e, e′ p) experiments show no sign of CT and why (p, 2p) experiments show a

rise and fall of transparency, strongly deviating from Glauber calculations and at the same time

not reproducing the expected CT signature. It can be expected that if the effect exists in the qq̄

system it should also exist for the qqq system. One could argue that the probability to find a qq̄ at

short distances is higher than that to find a qqq in short distances. If we interpret these systems as

the valence components of their respective LCWFs, this may indicate that the contribution of the

valence component to the total LCWF may be different for mesons and baryons. The difficulties

encountered in understanding the anomalous spin effects in pp scattering [25,26] leave this as an

open question. For observation of CT with protons there might also be the problem of choosing

the sensitive process: reaction, momentum transfer etc. that would select a proton in a PLC

state and the observable that would identify it as such. It may be that diffractive dissociation

of protons or perhaps baryon photoproduction would show this effect. Following the example

Nuclear coherence
Nuclear coherence

F2
A(q2⊥) ∼ e−

1
3R2

Aq2⊥

∆Pz =
M2

final−M2
initial

2ELab

LIoffe = 1
∆Pz

∼ 2Elab
M2

qq̄

For Eπ
Lab = 500GeV,

M2
qq̄ < 50GeV2

LIoffe > 4fm ∼ RA
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
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(DOE) and international partners...
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Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
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» read more
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...
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E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)

A-Dependence results: σ ∝ Aα

kt range (GeV/c) α α (CT)

1.25 < kt < 1.5 1.64 +0.06 -0.12 1.25

1.5 < kt < 2.0 1.52 ± 0.12 1.45

2.0 < kt < 2.5 1.55 ± 0.16 1.60

α (Incoh.) = 0.70 ± 0.1

74

Measure pion LFWF in diffractive dijet production 
Confirmation of color transparency 

Mueller, sjb; Bertsch et al; 
Frankfurt, Miller, Strikman

Conventional Glauber Theory Ruled Out ! Factor of 7

Ashery E791 
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Bertsch, Gunion, Goldhaber, sjb

A. H. Mueller,  sjb

Color Transparency

• Fundamental test of gauge theory in hadron physics

• Small color dipole moments interact weakly in nuclei

• Complete coherence at high energies

• Clear Demonstration of CT from Diffractive Di-Jets
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Atomic Transparency

• Fundamental test of gauge theory in atomic physics

• Small electric dipole moments interact weakly in target

• Complete coherence at high energies -- crystals!
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D. Ashery, Tel Aviv University
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E791 Diffractive Di-Jet transverse momentum distribution

Gaussian component similar 
to AdS/CFT HO LFWF
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The Light Front Fock State Wavefunctions

Ψn(xi,�k⊥i,λi)

are boost invariant; they are independent of the hadron’s energy
and momentum Pµ.
The light-cone momentum fraction
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i
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are boost invariant.
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sum over states with n=3, 4, ...constituents

Fixed LF timeIntrinsic heavy quarks    s̄(x) �= s(x)

φM(x, Q0) ∝
�

x(1− x)

ψM(x, k2
⊥)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep→ eπ+n

Pπ/p � 30%

Violation of Gottfried sum rule

ū(x) �= d̄(x)

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3

c(x), b(x) at high x !
Deuteron: Hidden ColorMueller:  gluon Fock states     BFKL 

Pomeron

Coupled. infinite set
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Q

Proton Self Energy 
QCD predicts Intrinsic Heavy Quarks!

Collins, Ellis, Gunion, Mueller, sjb
M. Polyakov, et al.

xQ ∝ (m2
Q + k2

⊥)1/2

Q

Q

Insertion of light-
by-light scattering 
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Figure 2: Comparison of the HERMES x(s(x) + s̄(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV2 using
µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

their measurement of charged kaon production in SIDIS re-
action [6]. The HERMES data, shown in Fig. 2, exhibits
an intriguing feature. A rapid fall-off of the strange sea
is observed as x increases up to x ∼ 0.1, above which the
data become relatively independent of x. The data suggest
the presence of two different components of the strange
sea, one of which dominates at small x (x < 0.1) and the
other at larger x (x > 0.1). This feature is consistent
with the expectation that the strange-quark sea consists
of both the intrinsic and the extrinsic components hav-
ing dominant contributions at large and small x regions,
respectively. In Fig. 2 we compare the data with calcula-
tions using the BHPS model with ms = 0.5 GeV/c2. The
solid and dashed curves are results of the BHPS model
calculations evolved to Q2 = 2.5 GeV2 using µ = 0.5 GeV
and µ = 0.3 GeV, respectively. The normalizations are
obtained by fitting only data with x > 0.1 (solid circles in
Fig. 2), following the assumption that the extrinsic sea has
negligible contribution relative to the intrinsic sea in the
valence region. Figure 2 shows that the fits to the data are
quite adequate, allowing the extraction of the probability
of the |uudss̄〉 state as

Pss̄
5 = 0.024 (µ = 0.5 GeV);

Pss̄
5 = 0.029 (µ = 0.3 GeV). (4)

We consider next the quantity ū(x) + d̄(x) − s(x) −
s̄(x). Combining the HERMES data on x(s(x)+s̄(x)) with
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Figure 3: Comparison of the x(d̄(x)+ū(x)−s(x)−s̄(x)) data with the
calculations based on the BHPS model. The values of x(s(x)+ s̄(x))
are from the HERMES experiment [6], and those of x(d̄(x) + ū(x))
are obtained from the PDF set CTEQ6.6 [11]. The solid and dashed
curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV2

using µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalization
of the calculations are adjusted to fit the data.

the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [11], the quantity x(ū(x)+ d̄(x)−s(x)−
s̄(x)) can be obtained and is shown in Fig. 3. This ap-
proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
tical to that used by Chen, Cao, and Signal in their recent
study of strange quark sea in the meson-cloud model [12].

An important property of ū + d̄ − s − s̄ is that the
contribution from the extrinsic sea vanishes, just like the
case for d̄− ū. Therefore, this quantity is only sensitive to
the intrinsic sea and can be compared with the calculation
of the intrinsic sea in the BHPS model. We have

ū(x) + d̄(x) − s(x)− s̄(x) =

Puū(xū) + P dd̄(xd̄)− 2P ss̄(xs̄). (5)

We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
calculations shown in Figs. 1-3, we can determine the prob-
abilities for the |uuduū〉, |uuddd̄〉, and |uudss̄〉 configura-

3

x

x(
s+

s!
)

BHPS (µ=0.5 GeV)
BHPS (µ=0.3 GeV)

HERMES

0

0.1

0.2

0.3

10
-1

Figure 2: Comparison of the HERMES x(s(x) + s̄(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV2 using
µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.
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is observed as x increases up to x ∼ 0.1, above which the
data become relatively independent of x. The data suggest
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the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [11], the quantity x(ū(x)+ d̄(x)−s(x)−
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proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
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the intrinsic sea and can be compared with the calculation
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We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
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tions as follows:

Puū
5 = 0.122; Pdd̄

5 = 0.240; Pss̄
5 = 0.024

(µ = 0.5 GeV) (6)

or

Puū
5 = 0.162; Pdd̄

5 = 0.280; Pss̄
5 = 0.029

(µ = 0.3 GeV) (7)

depending on the value of the initial scale µ. It is re-
markable that the d̄(x) − ū(x), the s(x) + s̄(x), and the
d̄(x) + ū(x) − s(x)− s̄(x) data not only allow us to check
the predicted x-dependence of the five-quark Fock states,
but also provide a determination of the probabilities for
these states.

Equations 6 shows that the combined probability for
proton to be in the |uudQQ̄〉 states is around 40%. It is
worth noting that an earlier analysis of the d̄−ū data in the
meson cloud model concluded that proton has ∼60% prob-
ability to be in the three-quark bare-nucleon state [13], in
qualitative agreement with the finding of this study. A sig-
nificant feature of the present work is the extraction of the
|uudss̄〉 component, which would be related to the kaon-
hyperon states in the meson cloud model. It is also worth
mentioning that in the BHPS model the |uudQQ̄〉 states
have the same contribution to the proton’s magnetic mo-
ment as the |uud〉 three-quark state, since Q and Q̄ in the
|uudQQ̄〉 states have no net magnetic moment. Therefore,
the good description of the nucleon’s magnetic moment
by the constituent quark model is preserved even with the
inclusion of a sizable five-quark components in the BHPS
model.

We note that the probability for the |uudss̄〉 state is
smaller than those of the |uuduū〉 and the |uuddd̄〉 states.
This is consistent with the expectation that the probability
for the |uudQQ̄〉 five-quark state is roughly proportional
to 1/m2

Q [1, 4]. One can then estimate that the probability
for the intrinsic charm from the |uudcc̄〉 Fock state, Pcc̄

5 to
be roughly 0.01. This is also consistent with an estimate
based on the bag model [14], as well as with an analysis
of the EMC charm-production data [15]. Figure 4 shows
the x distribution of intrinsic c̄ calculated with the BHPS
model using 1.5 GeV/c2 for the mass of the charm quark.
Also shown in Fig. 4 is the calculation which evolve the
BHPS calculation from the initial scale, µ = 0.5 GeV, to
Q2 = 75 GeV2, the largest Q2 scale reached by EMC [16].
It is interesting to note that the intrinsic charm contents
at the large x (x > 0.3) region are drastically reduced
when Q2 evolution is taken into account. Figure 4 suggests
that the most promising region to search for evidence of
intrinsic charm could be at the somewhat lower x region
(0.1 < x < 0.4), rather than the largest x region explored
by previous experiments. It is worth noting that we adopt
the simple assumption that the initial scale is the same for
all five-quark states. It is conceivable that the initial scale
for intrinsic charm is significantly higher due to the larger
mass of the charmed quark. The dashed curve shows the x

x
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Figure 4: Calculations of the c̄(x) distributions based on the BHPS
model. The solid curve corresponds to the calculation using Eq. 1
and the dashed and dotted curves are obtained by evolving the BHPS
result to Q2 = 75 GeV2 using µ = 3.0 GeV, and µ = 0.5 GeV,
respectively. The normalization is set at Pcc̄

5
= 0.01.

distribution of intrinsic c̄ at Q2 = 75 GeV2 when the initial
scale is set at µ = 3 GeV, corresponding to the threshold
of producing a pair of charmed quarks. As expected, the
shape of the intrinsic c̄ x distribution becomes similar to
that of the BHPS model.

In conclusion, we have generalized the existing BHPS
model to the light-quark sector and compared the calcu-
lation with the d̄− ū, s+ s̄, and ū + d̄ − s− s̄ data. The
qualitative agreement between the data and the calcula-
tions provides strong support for the existence of the in-
trinsic u, d and s quark sea and the adequacy of the BHPS
model. This analysis also led to the determination of the
probabilities for the five-quark Fock states for the proton
involving light quarks only. This result could guide future
experimental searches for the intrinsic c quark sea or even
the intrinsic b quark sea [17], which could be relevant for
the production of Higgs boson at LHC energies [18].
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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Extraction of Various Five-Quark Components of the Nucleons

Wen-Chen Changa, Jen-Chieh Penga,b

aInstitute of Physics, Academia Sinica, Taipei 11529, Taiwan
bDepartment of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

Abstract

We have generalized the approach of Brodsky et al. for the intrinsic charm quark distribution in the nucleons to the
light-quark sector involving intrinsic ū, d̄, s and s̄ sea quarks. We compare the calculations with the existing d̄− ū, s+ s̄,
and ū+ d̄− s− s̄ data. The good agreement between the theory and the data allows the extraction of the probabilities
for the |uuduū〉, |uuddd̄〉, and |uudss̄〉 five-quark Fock states in the proton. We also calculate the x-dependence of the
intrinsic charm after taking into consideration the QCD evolution of the intrinsic quark distribution.

Key words: nucleon structure, five-quark states, intrinsic sea quark
PACS: 12.38.Lg, 14.20.Dh, 14.65.Bt, 14.65.Dw, 13.60.Hb

The origin of sea quarks of the nucleons remains a sub-
ject of intense interest in hadron physics. Brodsky, Hoyer,
Peterson, and Sakai (BHPS) [1] suggested some time ago
that there are two distinct components of the nucleon sea.
The first is called the “extrinsic” sea originating from the
splitting of gluons into QQ̄ pairs. This extrinsic sea can
be well described by quantum chromodynamics (QCD).
Another component of the nucleon sea is the “intrinsic”
sea which has a nonperturbative origin. In particular, the
|uudQQ̄〉 five-quark Fock states can lead to the “valence-
like” intrinsic sea for the Q and Q̄ in the proton. This
intrinsic component is expected to carry a relatively large
momentum fraction x, in contrast to the extrinsic one
peaking at the small-x region. Brodsky et al. [1] proposed
that the |uudcc̄〉 five-quark state can lead to enhanced pro-
duction of charmed hadrons at the forward rapidity region.
Despite extensive experimental search, conclusive evidence
for the intrinsic charm component in the nucleon is still
lacking [2].

In a recent work [3], we generalized the BHPS model of
the five-quark Fock states to the light-quark sector. This
work was motivated by the expectation that the probabil-
ity for the |uudQQ̄〉 Fock state is approximately propor-
tional to 1/m2

Q, where mQ is the mass of the quark Q [1].

Therefore, the light five-quark states |uuduū〉, |uuddd̄〉 and
|uudss̄〉 are likely to have significantly larger probabilities
than the |uudcc̄〉 state, and could be more readily observed
experimentally.

By solving the Bjorken-x distribution of the Q̄ sea
quark for the |uudQQ̄〉 five-quark state in the BHPS model
numerically, it was found [3] that the existing d̄(x)− ū(x)
and ū(x) + d̄(x) − s(x) − s̄(x) data can be well described
by the calculation, provided that the QCD evolution [4]
of these distributions is taken into account. Moreover, the
probabilities for the |uuduū〉 and the |uuddd̄〉 five-quark

states could also be extracted from these data. However,
the extracted values of these two probabilities depend on
the assumption adopted for the probability of the |uudss̄〉
state [3].

In this paper, the previous work is extended further to
determine the probability of the |uudss̄〉 five-quark state
using the recent s(x) + s̄(x) data from the HERMES col-
laboration [5]. We found that the s(x) + s̄(x) data in
the x > 0.1 region are quite well described by the BHPS
model, allowing the extraction of the probability of the
|uudss̄〉 state. Using this probability for the |uudss̄〉 five-
quark component, more precise values for the |uuduū〉 and
the |uuddd̄〉 states could then be obtained from the com-
parison of the BHPS calculations with the d̄(x)− ū(x) and
ū(x) + d̄(x) − s(x) − s̄(x) data. We have also examined
the effect of the QCD evolution on the x distribution of
the intrinsic charm. In particular, we note that the region
most sensitive to intrinsic charm is shifted to lower x as a
result of QCD evolution. This has implication on future
searches for intrinsic charm.

For a |uudQQ̄〉 five-quark Fock state of the proton, the
probability for quark i to carry a momentum fraction xi

is given in the BHPS model [1] as

P (x1, ..., x5) = N5δ(1−
5∑

i=1

xi)[m
2
p −

5∑
i=1

m2
i

xi
]−2, (1)

where the delta function ensures that the proton momen-
tum is shared among the individual constituents. N5 is
the normalization factor for the five-quark Fock state, and
mi is the mass of quark i. Eq. 1 was solved analytically in
Ref. [1] for the limiting case of m4,5 >> mp,m1,2,3, where
mp is the proton mass. For the more general case, Eq. 1
can be solved numerically as discussed in Ref. [3]. In par-
ticular, the x distribution of Q̄ in the |uudQQ̄〉 state, called
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Figure 1: Comparison of the d̄(x)−ū(x) data from Fermilab E866 and
HERMES with the calculations based on the BHPS model. Eq. 1
and Eq. 3 were used to calculate the d̄(x) − ū(x) distribution at
the initial scale. The distribution was then evolved to the Q2 of
the experiments and shown as various curves. Two different initial
scales, µ = 0.5 and 0.3 GeV, were used for the E866 calculations in
order to illustrate the dependence on the choice of the initial scale.

PQQ̄(xQ̄), can be calculated numerically. The moment of

PQQ̄(xQ̄) is defined as PQQ̄
5 , namely,

PQQ̄
5 =

∫ 1

0

PQQ̄(xQ̄)dxQ̄. (2)

PQQ̄
5 represents the probability of the |uudQQ̄〉 five-quark

Fock state in the proton. In the limit ofm4,5 >> mp,m1,2,3,

one can obtain [1] PQQ̄
5 = N5/(3600m4

4,5). For the more

general case, the relation between PQQ̄
5 and N5 can be

calculated numerically [3].
To compare the experimental data with the prediction

based on the intrinsic five-quark Fock state, it is necessary
to separate the contributions of the intrinsic sea quark and
the extrinsic one. The d̄(x)− ū(x) is an example of quan-
tities which are free from the contributions of the extrinsic
sea quarks, since the perturbative g → QQ̄ processes will
generate uū and dd̄ pairs with equal probabilities and have
no contribution to this quantity. The d̄(x)−ū(x) data from
the Fermilab E866 Drell-Yan experiment at the Q2 scale of
54 GeV2 [6] are shown in Fig. 1. Also shown in Fig. 1 are
the data obtained at a lower scale of Q2 = 2.5 GeV2 by the
HERMES collaboration in a semi-inclusive deep-inelastic
scattering (SIDIS) experiment [7].

The BHPS model has a specific prediction on the shapes
of the x distributions for d̄ and ū, since these anti-quarks
originate from the |uuddd̄〉 and |uuduū〉 configurations and

can be readily calculated. In the BHPS model, the ū and d̄
are predicted to have the same x-dependence if mu = md.
However, the probabilities of the |uuddd̄〉 and |uuduū〉 con-
figurations, Puū

5 and Pdd̄
5 , are not known from the BHPS

model, and remain to be determined by the experiments.
Non-perturbative effects such as Pauli-blocking [8] could
lead to different probabilities for the |uuddd̄〉 and |uuduū〉
configurations. Nevertheless the shape of the d̄(x) − ū(x)
distribution shall be identical to those of d̄(x) and ū(x) in
the BHPS model. Moreover, the normalization of d̄(x) −
ū(x) is known from the measurement of Fermilab E866
Drell-Yan experiment [6] as

∫ 1

0

(d̄(x)− ū(x))dx = Pdd̄
5 −Puū

5 = 0.118± 0.012.(3)

Equation 3 allows us to compare the calculations from the
BHPS model with the d̄(x) − ū(x) data.

The d̄(x) − ū(x) distribution from the BHPS model is
first calculated using Eq. 1 with mu = md = 0.3 GeV/c2,
and mp = 0.938 GeV/c2, and Eq. 3 for the normalization.
Since the E866 and the HERMES data were obtained at
Q2 of 54 GeV2 and 2.5 GeV2, respectively, it is important
to evolve the d̄(x)− ū(x) distribution from the initial scale
µ, expected to be around the confinement scale, to the Q2

corresponding to the data. As d̄(x)− ū(x) is a flavor non-
singlet parton distribution, its evolution from µ to Q only
depends on the values of d̄(x)− ū(x) at the initial scale µ,
and can be readily calculated using the non-singlet evolu-
tion equation [4]. For the initial scale, we adopt the value
of µ = 0.5 GeV, which was chosen by Glück, Reya, and
Vogt [9] in the so-called “dynamical approach” using only
valence-like distributions at the initial µ2 scale and relying
on evolution to generate the quark and gluon distributions
at higher Q2.

The solid and dashed curves in Fig. 1 correspond to
d̄(x) − ū(x) calculated from the BHPS model evolved to
Q2 = 54 GeV2 using µ = 0.5 and 0.3 GeV, respectively.
The x-dependence of the E866 d̄(x)−ū(x) data is quite well
described by the five-quark Fock states in the BHPS model
provided that the Q2-evolution is taken into consideration.
It is interesting to note that an excellent fit to the data
can be obtained if µ = 0.3 GeV is chosen (dashed curve in
Fig. 1) rather than the more conventional value of µ = 0.5
GeV. Also shown in Fig. 1 are the calculations with the
BHPS model evolved to Q2 = 2.5 GeV2 using µ = 0.5 GeV
and µ = 0.3 GeV. The calculations are in agreement with
the HERMES data within the experimental uncertainties.

We now consider the extraction of the |uudss̄〉 five-
quark component from existing data. The HERMES col-
laboration reported the determination of x(s(x) + s̄(x))
over the range of 0.02 < x < 0.5 at Q2 = 2.5 GeV2 from
their measurement of charged kaon production in SIDIS re-
action [5]. The HERMES data, shown in Fig. 2, exhibits
an intriguing feature. A rapid fall-off of the strange sea
is observed as x increases up to x ∼ 0.1, above which the
data become relatively independent of x. The data suggest
the presence of two different components of the strange
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Figure 2: Comparison of the HERMES x(s(x)− s̄(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV2 using
µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

sea, one of which dominates at small x (x < 0.1) and the
other at larger x (x > 0.1). This feature is consistent
with the expectation that the strange-quark sea consists
of both the intrinsic and the extrinsic components hav-
ing dominant contributions at large and small x regions,
respectively. In Fig. 2 we compare the data with calcula-
tions using the BHPS model with ms = 0.5 GeV/c2. The
solid and dashed curves are results of the BHPS model
calculations evolved to Q2 = 2.5 GeV2 using µ = 0.5 GeV
and µ = 0.3 GeV, respectively. The normalizations are
obtained by fitting only data with x > 0.1 (solid circles in
Fig. 2), following the assumption that the extrinsic sea has
negligible contribution relative to the intrinsic sea in the
valence region. Figure 2 shows that the fits to the data are
quite adequate, allowing the extraction of the probability
of the |uudss̄〉 state as

Pss̄
5 = 0.024 (µ = 0.5 GeV);

Pss̄
5 = 0.029 (µ = 0.3 GeV). (4)

We consider next the quantity ū(x) + d̄(x) − s(x) −
s̄(x). Combining the HERMES data on x(s(x)+s̄(x)) with
the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [10], the quantity x(ū(x)+ d̄(x)−s(x)−
s̄(x)) can be obtained and is shown in Fig. 3. This ap-
proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
tical to that used by Chen, Cao, and Signal in their recent
study of strange quark sea in the meson-cloud model [11].
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Figure 3: Comparison of the x(d̄(x)+ū(x)−s(x)−s̄(x)) data with the
calculations based on the BHPS model. The values of x(s(x)+ s̄(x))
are from the HERMES experiment [5], and those of x(d̄(x) + ū(x))
are obtained from the PDF set CTEQ6.6 [10]. The solid and dashed
curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV2

using µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalization
of the calculations are adjusted to fit the data.

An important property of ū + d̄ − s − s̄ is that the
contribution from the extrinsic sea vanishes, just like the
case for d̄− ū. Therefore, this quantity is only sensitive to
the intrinsic sea and can be compared with the calculation
of the intrinsic sea in the BHPS model. We have

ū(x) + d̄(x) − s(x)− s̄(x) =

Puū(xū) + P dd̄(xd̄)− 2P ss̄(xs̄). (5)

We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
calculations shown in Figs. 1-3, we can determine the prob-
abilities for the |uuduū〉, |uuddd̄〉, and |uudss̄〉 configura-
tions as follows:

Puū
5 = 0.122; Pdd̄

5 = 0.240; Pss̄
5 = 0.024

(µ = 0.5 GeV) (6)

or

Puū
5 = 0.162; Pdd̄

5 = 0.280; Pss̄
5 = 0.029

(µ = 0.3 GeV) (7)
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color-Octet Color-Octet Fock State! 

• Probability

• Large Effect at high x!

• Greatly increases kinematics of colliders  such as Higgs production 
(Kopeliovich, Schmidt, Soffer, sjb)

• Severely underestimated in conventional parameterizations of heavy quark 
distributions (Pumplin, Tung)

• Slow evolution compared to extrinsic quarks from gluon splitting!

• Many empirical tests  

PQQ̄ ∝
1

M2
Q

Pcc̄/p � 1%

Q

Q̄

b⊥ = O(1/MQ)

σ(DDIS)
σ(DIS) �

Λ2
QCD

M2
Q

PQQ̄ ∝
1

M2
Q

Pcc̄/p � 1%

Q

Q̄

b⊥ = O(1/MQ)

σ(DDIS)
σ(DIS) �

Λ2
QCD

M2
Q

PQQ̄ ∝
1

M2
Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Pcc̄/p � 1%

Q

Q̄

b⊥ = O(1/MQ)

Hoyer, Peterson, Sakai, sjb
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Remarkably Strong Nuclear 
Dependence for Fast Charmonium

M. Leitch

 Violation of factorization in charm hadroproduction.
P. Hoyer, M. Vanttinen (Helsinki U.) ,  U. Sukhatme (Illinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp. 

 Published in Phys.Lett.B246:217-220,1990

Violation of PQCD Factorization!
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(pA→ J/ψX)
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dxF
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xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

IC Explains large excess of quarkonia at large xF,  A-dependence
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Why is IQ Important for Flavor Physics?

• New perspective on fundamental nonperturbative hadron structure

• Charm structure function at high x

• Dominates high xF charm and charmonium production

• Hadroproduction of new heavy quark states such as ccu, ccd, bcc, bbb, 
at high xF

• Intrinsic charm -- long distance contribution to penguin mechanisms 
for weak decay                Gardner, sjb 

•                                                 puzzle explained              Karliner , sjb

• Novel Nuclear Effects from color structure of IC, Heavy Ion Collisions

• New mechanisms for high xF Higgs hadroproduction

• Dynamics of b production: LHCb 

• Fixed target program at LHC:  produce bbb states

J/ψ → ρπ

New Multi-lepton Signals
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atom scattering
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dζeiσζÃ(b⊥, ζ)

K+

p

g

u

s

d

dσ
dt = |M(s,t)|2

s2

 Blankenbecler, Gunion, sjb

[e+e−] [e+e−]

[µ+e−] [µ+e−]µ+

e+

e− e−

[e+e−] [e+e−]

[µ+e−] [µ+e−]µ+

γ∗ γ∗



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
93

Quark Interchange
(Analog of  Spin exchange 
in atom-atom scattering)
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quark interchange is 
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interaction at high 
momentum transfer 

in exclusive reactions

Non-linear Regge behavior:
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Final-State Interactions Produce 
Pseudo T-Odd  (Sivers Effect)

• Leading-Twist Bjorken Scaling!

• Requires nonzero orbital angular momentum of quark

• Arises from the interference of Final-State QCD                                                  
Coulomb phases in S- and P- waves; 

• Wilson line effect  --  gauge independent

• Relate to the quark contribution to the target proton                                        
anomalous magnetic moment and final-state QCD phases

• QCD phase at soft scale!

• New window to QCD coupling and running gluon mass in the IR

• QED S and P Coulomb phases infinite -- difference of phases finite!

�S ·�p jet×�q

�S ·�p jet×�qi

11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

!*

e– 

quark

96



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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What if we ask for a specific final state?

Exclusive Processes
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Timelike Proton Form Factor

Symmetrize

August 21, 2005

Φ(x, z = z0 = 1
ΛQCD

) = 0
In the large � limit:
M2 = π2

4 �2Λ2
QCD

Conformal Symmetry – Property of classical renormalizable Lagrangian

Poincare transformations plus

dilatation : xµ → λxµ

plus

conformal transformations : inversion[xµ → −xµ

x2
] × translation × inversion

F (s) ∝
log−2 s

Λ2

s2

1

√
s =

e+

q

q̄

γ∗

e−

µ+

nq − 1 = 3− 1 = 2

http://www.cbpf.br/~hadron05/index.htm
http://www.cbpf.br/~hadron05/index.htm
http://www.cbpf.br/~hadron05/index.htm
http://www.cbpf.br/~hadron05/index.htm
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Exclusive Atomic Processes

Probability decreases with number of constituents

R(e+e
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Deuteron Photodisintegration 

PQCD and AdS/CFT:

sntot−2dσdt (A+B→C+D) =
FA+B→C+D(θCM)

s11dσdt (γd→ np) = F(θCM)

ntot−2=
(1 + 6 + 3+ 3 ) - 2 = 11

Reflects conformal invariance 

J-Lab
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Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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• Remarkable Test of Quark Counting Rules

• Deuteron Photo-Disintegration γd → np 

•

γd→ np

dσ
dt = F (t/s)

sntot−2

ntot = 1 + 6 + 3 + 3 = 13

γd→ np

dσ
dt = F (t/s)

sntot−2

ntot = 1 + 6 + 3 + 3 = 13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

Hidden color: dσ

dt
(γd→∆++∆−) �

dσ

dt
(γd→ pn)

at high pT

M =
� �

dxidyiφF (x, Q̃)×TH(xi, yi, Q̃)φI(yi, Q̃)

t = m
2
π

αs →
√

αs
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• Electron-Proton Inelastic Scattering:                       
Electron scatters on pointlike constituents with fractional 
charge; final-state jets

• Electron-Positron Annihilation:                                
Production of pointlike pairs with fractional charges      
and 3 colors;  quark, antiquark, gluon jets

• Exclusive hard scattering reactions:                      
probability that hadron stays intact counts number of  its 
pointlike constituents:
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Primary Evidence for Quarks

Quark Counting Rules

e+e− → X

ep → e�X

pp → pp, γp → π+n ep → ep

Probability ∝ 1

P
nq−1
⊥

Probability ∝ [ 1
P⊥

]nq−1

e+e− → X

ep → e�X

pp → pp, γp → π+n ep → ep

Probability ∝ 1

P
nq−1
⊥

Probability ∝ [ 1
P⊥

]nq−1

e+e− → X

ep → e�X

pp → pp, γp → π+n, ep → ep

Probability ∝ 1

P
nq−1
⊥

Probability ∝ [ 1
P⊥

]nq−1
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Define “Reduced” Form Factor
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QCD Prediction for Deuteron Form 
Factor 

Define “Reduced” Form Factor

Same large momentum transfer 
behavior as pion form factor
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dσ
dt (γd→ Δ++Δ−)� dσ

dt (γd→ pn) at high Q2

dσ
dt (γd→ Δ++Δ−)� dσ

dt (γd→ pn) at high Q2

Lepage, Ji, sjb

• Deuteron six quark wavefunction:

•  5 color-singlet combinations of 6 color-triplets -- 
one state  is |n  p>

• Components evolve towards equality at short 
distances

• Hidden color states dominate deuteron form 
factor and photodisintegration at high 
momentum transfer

• Predict 

Hidden Color in QCD
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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Counting Rules for 
Exclusive Processes

• Power-law fall-off of the scattering rate reflects 
degree of compositeness

• The more composite -- the faster the fall-off

• Power-law counts the number of quarks and gluon 
constituents

• Form factors: probability amplitude to stay intact

• FH(Q) ∝ 1
(Q2)n−1

Q momentum transfer

e
+

e
− → pp̄

αs(Q) ∝ 1
lnQ

σ(e+e
−→three jets)

σ(e+e−→two jets)

proportional to αs(s)

n = # elementary constituents

Brodsky and Farrar, Phys. Rev. Lett. 31 (1973) 1153 
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719 
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Electron-Electron Scattering in QED

t u

This is very important!
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This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Gell Mann-Low Effective Charge
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Scale Setting in QED: Muonic Atoms
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• No renormalization scale ambiguity!   

• Two separate physical scales: t, u = photon virtuality  

• Gauge Invariant.  Dressed photon propagator

• Sums all vacuum polarization, non-zero beta terms into running 
coupling.

• If one chooses a different scale, one can sum an infinite number of 
graphs -- but always recover same result!  

• Number of active leptons correctly set 

• Analytic: reproduces correct behavior at lepton mass thresholds

• No renormalization scale ambiguity!   

• Two separate physical scales.  
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limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

QCD → Abelian Gauge Theory

limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

Huet, sjb

Analytic Feature of SU(Nc) Gauge Theory

Scale-Setting procedure for QCD 
must be applicable to QED

Principle of Maximum Conformality
Scheme-independent! Di Giustino, Wu,  sjb
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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Example of Multiple PMC Scales

 Angular distributions of massive quarks close to threshold.

Hoang, Kuhn, Teubner, sjb

Need QCD coupling at small scales at 
low relative velocity β

F1 + F2 =
�
1− 2

αs(se3/4/4)
π

�
×

�
1 +

παs(sβ2)
4β

�

Di Giustino, Wu,  sjb



  On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Phys.Rev.D28:228,1983 Lepage, Mackenzie, sjb

Features of PMC/BLM Scale Setting

• “Principle of Maximum Conformality”

• All terms associated with nonzero beta function summed into 
running coupling

• Standard procedure in QED

• Resulting series identical to conformal series 

• Renormalon n! growth of PQCD coefficients from beta function 
eliminated!

• Scheme Independent  !!!

• In general, BLM/PMC scales depend on all invariants

• Single Effective PMC scale at NLO

Di Giustino, Wu, sjb



 

HQED

[− ∆2

2mred
+ Veff(�S,�r)] ψ(�r) = E ψ(�r)

[− 1
2mred

d2

dr2
+

1
2mred

�(� + 1)
r2

+ Veff(r, S, �)] ψ(r) = E ψ(r)

(H0 + Hint) |Ψ >= E |Ψ > Coupled Fock states

Effective two-particle equation

 Spherical Basis r, θ,φ

Coulomb  potential 

Includes Lamb Shift, quantum corrections

Bohr Spectrum
Veff → VC(r) = −α

r

QED atoms: positronium and 
muonium

Semiclassical first approximation to QED 
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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Need a First Approximation to QCD

 Comparable in simplicity to 
Schrödinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining
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• As Simple as Schrödinger Theory in Atomic Physics

• Relativistic, Frame-Independent, Color-Confining

• QCD Coupling at all scales

• Hadron Spectroscopy

• Light-Front Wavefunctions

• Form Factors, Hadronic Observables, Constituent 
Counting Rules

• Insight into QCD Condensates

• Systematically improvable

de Teramond, sjb

Goal: an analytic first approximation to QCD
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Exploring QCD, Cambridge, August 20-24, 2007 Page 9
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Applications of AdS/CFT  to QCD 

in collaboration with Guy de Teramond
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Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
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Scale Transformations

• Isomorphism of SO(4, 2) of conformal QCD with the group of isometries of AdS space

SO(1, 5)

ds
2 =

R2

z2
(ηµνdx

µ
dx

ν − dz
2),

xµ → λxµ, z → λz, maps scale transformations into the holographic coordinate z.

• AdS mode in z is the extension of the hadron wf into the fifth dimension.

• Different values of z correspond to different scales at which the hadron is examined.

x
2 → λ

2
x

2
, z → λz.

x2 = xµxµ: invariant separation between quarks

• The AdS boundary at z → 0 correspond to theQ→∞, UV zero separation limit.
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Soft-Wall Model

• Soft-wall model [Karch, Katz, Son and Stephanov (2006)] retain conformal AdS metrics but introduce

smooth cutoff wich depends on the profile of a dilaton background field ϕ(z) = ±κ2z2
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with (µR)2 ≥ −4.

• LH holography requires ‘plus dilaton’ ϕ = +κ2z2
. Lowest possible state (µR)2 = −4

M2 = 0, Φ(z) ∼ z2e−κ2z2
, �r2� ∼ 1

κ2

A chiral symmetric bound state of two massless quarks with scaling dimension 2: the pion
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AdS Soft-Wall Schrodinger Equation for 
bound state  of  two scalar constituents:

Derived from variation of Action  
Dilaton-Modified AdS5

�
− d2

dz2
− 1− 4L2

4z2
+ U(z)

�
φ(z) =M2φ(z)

U(z) = κ4z2 + 2κ2(L + S − 1)

• Erlich, Karch, Katz, Son, Stephanov • de Teramond, sjb

eΦ(z) = e+κ2z2

Positive-sign dilaton
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Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
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Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
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pulsar, is the first one known to "blink" only in gamma rays, and was
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Same slope in n and L

S = 0 S = 1

M2 = 4κ2(n + J/2 + L/2)→ 4κ2(n + L + S/2)
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

• Propagation of external perturbation suppressed inside AdS.

• At large enoughQ ∼ r/R2, the interaction occurs in the large-r conformal region. Important

contribution to the FF integral from the boundary near z ∼ 1/Q.

J(Q, z), Φ(z)

1 2 3 4 5

0.2

0.4

0.6

0.8

1

z

• Consider a specific AdS mode Φ(n) dual to an n partonic Fock state |n�. At small z, Φ(n)

scales as Φ(n) ∼ z∆n . Thus:

F (Q2) →
�

1
Q2

�τ−1

,

where τ = ∆n − σn, σn =
�n

i=1 σi. The twist is equal to the number of partons, τ = n.

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 22

Dimensional Quark Counting Rules:
General result from 

AdS/CFT and Conformal Invariance

135

Hadron Form Factors from AdS/CFT 

Polchinski, Strassler
de Teramond, sjb

J(Q, z) = zQK1(zQ)

αs(Q2)

β(Q2) = dαs(Q2)
d logQ2 → 0

Π(Q2)→ α
15π

Q2

m2

Q2 << 4m2

A

High Q2 
from 

small z  ~ 1/Q

J(Q, z) Φ(z)

D(z) ∼ (1− z)2Nspect−1

zD(z) = F (x = 1/z)

zD(z)c→pX = Fp→cX(x = 1/z)

zi ∝ m⊥i =
�

m2
i + k2

⊥

X = cūd̄ū

F (Q2)I→F =
� dz

z3ΦF (z)J(Q, z)ΦI(z)
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pulsar, is the first one known to "blink" only in gamma rays, and was
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map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
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de Teramond, sjb
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AdS/QCD G. F. de Téramond

Holographic Model for QCD Light-Front Wavefunctions

SJB and GdT in preparation

• Drell-Yan-West form factor in the light-cone (two-parton state)

F (q2) =
�

q

eq

� 1

0
dx

�
d2�k⊥
16π3

ψ∗P �(x,�k⊥ − x�q⊥) ψP (x,�k⊥).

• Fourrier transform to impact parameter space�b⊥

ψ(x,�k⊥) =
√

4π

�
d2�b⊥ ei�b⊥·�k⊥ �ψ(x,�b⊥)

• Find (b = |�b⊥|) :

F (q2) =
� 1

0
dx

�
d2�b⊥ eix�b⊥·�q⊥

�� �ψ(x, b)
��2

= 2π

� 1

0
dx

� ∞

0
b db J0 (bqx)

�� �ψ(x, b)
��2,

Caltech High Energy Seminar, Feb 6, 2006 Page 33

Soper

137

Light-Front Representation 
of Two-Body Meson Form Factor

�q2
⊥ = Q2 = −q2



 

Holographic Mapping of AdS Modes to QCD LFWFs

• Integrate Soper formula over angles:

F (q2) = 2π

� 1

0
dx

(1− x)
x

�
ζdζJ0

�
ζq

�
1− x

x

�
ρ̃(x, ζ),

with �ρ(x, ζ) QCD effective transverse charge density.

• Transversality variable

ζ =
�

x

1− x

���
n−1�

j=1

xjb⊥j

���.

• Compare AdS and QCD expressions of FFs for arbitrary Q using identity:

� 1

0
dxJ0

�
ζQ

�
1− x

x

�
= ζQK1(ζQ),

the solution for J(Q, ζ) = ζQK1(ζQ) !

Exploring QCD, Cambridge, August 20-24, 2007 Page 35

ψ(x,�b⊥) = ψ(ζ)

φ(z)

ζ =
�

x(1− x)�b2⊥

z

z∆

z0 = 1
ΛQCD

γd→ np
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φ(z)

ζ =
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z∆
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ΛQCD
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LF(3+1)                AdS5

139

Light Front Holography: Unique mapping derived from equality of LF and 
AdS  formula for current matrix elements
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"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
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bottom quark but are bound together with different energies. Ever since,
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Light-Front Holography

• Matching of AdS and LF Expressions for EM and 
Gravitational Form Factors

• Overlap of LFWFs Only -- No Vacuum Currents so 
cannot match to Instant-Time formula

• Matches Equations of LF Hamiltonian Theory 

• Matches LF Kinetic Energy

• Angular Momentum Matches to AdS Mass

AdS Space matches 3+1 spacetime at fixed Light-Front Time!



 

Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

• We write the Dirac equation

(αΠ(ζ)−M)ψ(ζ) = 0,

in terms of the matrix-valued operator Π

Πν(ζ) = −i

�
d

dζ
−

ν + 1
2

ζ
γ5 − κ2ζγ5

�
,

and its adjoint Π†, with commutation relations

�
Πν(ζ),Π†

ν(ζ)
�

=
�

2ν + 1
ζ2

− 2κ2

�
γ5.

• Solutions to the Dirac equation

ψ+(ζ) ∼ z
1
2+νe−κ2ζ2/2Lν

n(κ2ζ2),

ψ−(ζ) ∼ z
3
2+νe−κ2ζ2/2Lν+1

n (κ2ζ2).

• Eigenvalues

M2 = 4κ2(n + ν + 1).

Exploring QCD, Cambridge, August 20-24, 2007 Page 49

ν = L + 1

Baryons in AdS/QCD 



 

Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]

[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

From Nick Evans

• Nucleon LF modes

ψ+(ζ)n,L = κ2+L

�
2n!

(n + L)!
ζ3/2+Le−κ2ζ2/2LL+1

n

�
κ2ζ2

�

ψ−(ζ)n,L = κ3+L 1√
n + L + 2

�
2n!

(n + L)!
ζ5/2+Le−κ2ζ2/2LL+2

n

�
κ2ζ2

�

• Normalization �
dζ ψ2

+(ζ) =
�

dζ ψ2
−(ζ) = 1

• Eigenvalues

M2
n,L,S=1/2 = 4κ2 (n + L + 1)

• “Chiral partners”

MN(1535)

MN(940)
=
√

2

IUSS, Ferrara, May 27, 2011 Page 21
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Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...
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Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
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What's in a name? Great past, great future, great science...
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky

Glazek and Schaden [Phys. Lett. B 198, 42 (1987)]: (ωB/ωM )2 = 5/8 4κ2 for ∆n = 1
4κ2 for ∆L = 1

2κ2 for ∆S = 1

M2

L

Parent and daughter 56 Regge trajectories for the N and ∆ baryon families for κ = 0.5 GeV

2009 JLab Users Group Meeting, June 8, 2009 Page 26153

• ∆ spectrum identical to Forkel and Klempt, Phys. Lett. B 679, 77 (2009)

Same multiplicity of states for mesons and baryons!
4κ2 for ∆n = 1
4κ2 for ∆L = 1
2κ2 for ∆S = 1

0

2

4

(a) (b)
6

0 1 2 3 4
9-2009
8796A3

M2

L

0 1 2 3 4

L

N(1710)

N(1440)

N(940)

N(1680)

N(2200)

N(1720) Δ(1600)

Δ(1950)

Δ(2420)

Δ(1905)

Δ(1920)

Δ(1910)

Δ(1232)

n=3 n=2 n=1 n=0

n=3 n=2 n=1 n=0

Regge trajectories for positive parity N and ∆ baryon families (κ = 0.5 GeV)

LC 2011 2011, Dallas, May 23, 2011 Page 14



• Boost Invariant

• Trivial LF vacuum.

• Massless Pion

• Hadron Eigenstates have LF Fock components of different Lz

• Proton: equal probability

• Self-Dual Massive Eigenstates: Proton is its own chiral partner.

• Label State by minimum L as in Atomic Physics

• Minimum L dominates at short distances               

• AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=0.

Chiral Features of Soft-Wall AdS/
QCD Model

154

Sz = +1/2, Lz = 0;Sz = −1/2, Lz = +1

Jz = +1/2 :< Lz >= 1/2, < Sz
q = 0 >

Proton spin 
carried by quark angular momentum!



 
Rochester, February 8, 2012 Atoms in Flight

1/12/09 12:32 AMPress and Media : SLAC National Accelerator Laboratory

Page 1 of 1http://www6.slac.stanford.edu/Press.aspx

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

SLAC National Accelerator Laboratory, Menlo Park, CA
Operated by Stanford University for the U.S. Dept. of Energy

Privacy Statement - Page Contact

Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

Office of Communications serves as the primary contact between the laboratory, media

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
155

Space-Like Dirac Proton Form Factor

• Consider the spin non-flip form factors

F+(Q2) = g+

�
dζ J(Q, ζ)|ψ+(ζ)|2,

F−(Q2) = g−

�
dζ J(Q, ζ)|ψ−(ζ)|2,

where the effective charges g+ and g− are determined from the spin-flavor structure of the theory.

• Choose the struck quark to have Sz = +1/2. The two AdS solutions ψ+(ζ) and ψ−(ζ) correspond

to nucleons with Jz = +1/2 and−1/2.

• For SU(6) spin-flavor symmetry

F p
1 (Q2) =

�
dζ J(Q, ζ)|ψ+(ζ)|2,

Fn
1 (Q2) = −1

3

�
dζ J(Q, ζ)

�
|ψ+(ζ)|2 − |ψ−(ζ)|2

�
,

where F p
1 (0) = 1, Fn

1 (0) = 0.

Exploring QCD, Cambridge, August 20-24, 2007 Page 52
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Data from I. Aznauryan, et al. CLAS (2009)

IUSS, Ferrara, May 27, 2011 Page 31

Nucleon Transition Form Factors

• Compute spin non-flip EM transition N(940)→ N∗(1440): Ψn=0,L=0
+ → Ψn=1,L=0

+

• Transition form factor

F1
p
N→N∗(Q2) = R4

�
dz

z4
Ψn=1,L=0

+ (z)V (Q, z)Ψn=0,L=0
+ (z)

• Orthonormality of Laguerre functions

�
F1

p
N→N∗(0) = 0, V (Q = 0, z) = 1

�

R4
�

dz

z4
Ψn�,L

+ (z)Ψn,L
+ (z) = δn,n�
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p
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2
√

2
3

Q2

M2
P�
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M2
ρ

��
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ρ�
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1 + Q2
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ρ
��

�
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2
n → 4κ2(n + 1/2)
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5 Non-Perturbative QCD Coupling From LF Holography

With A. Deur and S. J. Brodsky

• Consider five-dim gauge fields propagating in AdS5 space in dilaton background ϕ(z) = κ2z2

S = −1
4

�
d4x dz

√
g eϕ(z) 1

g2
5

G2

• Flow equation

1
g2
5(z)

= eϕ(z) 1
g2
5(0)

or g2
5(z) = e−κ2z2

g2
5(0)

where the coupling g5(z) incorporates the non-conformal dynamics of confinement

• YM coupling αs(ζ) = g2
Y M (ζ)/4π is the five dim coupling up to a factor: g5(z)→ gY M (ζ)

• Coupling measured at momentum scale Q

αAdS
s (Q) ∼

� ∞

0
ζdζJ0(ζQ)αAdS

s (ζ)

• Solution

αAdS
s (Q2) = αAdS

s (0) e−Q2/4κ2
.

where the coupling αAdS
s incorporates the non-conformal dynamics of confinement
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Running Coupling from  Modified AdS/QCD
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where R is the AdS radius. A warp factor exp
 

š  2 z 2
Ð

in
the AdS metric generates in general relat ivity the gravi-
tat ional potential V = mc2 p g00 = mc2 R exp

 
š  2 z 2 =2

Ð

for an ob ject of mass m in the modiþed AdS space. For
the negative solution the potential decreases monoton-
ically, and thus an ob ject in AdS will fall to inþnitely
large values of z . For the posi t ive solution, the poten-
tial is non-monotonic and has an absolute minimum at
z = 1=  . For large values of z the gravitat ional poten-
tial increases exponentially, thus conþning any ob ject in
the modiþed AdS metrics to distances hz i ¾ 1=  . [9]
T he introduct ion of a posi t ive dilaton proþle is also rel-
evant for describing chiral symmetry breaking, [10] since
the expectat ion value of the scalar þeld associated with
the quark mass and condensate does not blow-up in the
far infrared region of AdS in contrast with the original
model. [6] G lazek and Schaden [11] have shown that a
harmonic oscillator conþning potential naturally arises as
an eÞect ive potential between heavy quark states when
one stochast ically eliminates higher gluonic Fock states.

Consider the þeld strength component of the þve-
dimensional act ion in AdS space in presence of a dilaton
background ' (z )

S =  
1
4

Z
d4 x dz

p
g(z ) e ' ( z ) 1

g2
5

G 2 (x¼; z ); (2)

where the metric determinant is
p g = (R=z )5 , ' =  2 z 2

and the coupling g2
5 has dimensions of length. We iden-

tify the coe Ž cient of the þeld strength squared G 2 in the
act ion with an eÞect ive coupling g5 (z ), thus the AdS  ow
equation 1=g2

5 (z ) = e ' ( z ) =g2
5 (0) or g2

5 (z ) = e   2 z 2
g2

5 (0),
where the z-dependent coupling g5 (z ) incorporates the
non-conformal dynamics of conþnement . We use the pre-
cise identity between the holographic variable z and the
L F invariant impact variable  =

p
x(1  x)b2

? ,  = z ,
from light-front holography [1 {3] to determine the eÞec-
t ive Yang-Mills coupling in physical 3 + 1 space-t ime
probed at transverse momentum Q . [12] T he Fourier
transform in two-dimensional L F transverse space is the
Bessel transform

Þe f f
s (Q 2 ) ¾

Z 1

0
 d  J0 (  Q ) Þs (  ): (3)

T he Yang-Mills coupling Þs (  ) = g2
Y M (  )=4 ³ is the þve

dimensional coupling up to a mult iplicative constant:
g5 (z ) ! gY M (  ), and thus Þe f f

s (  ) = e    2
Þe f f

s (0) . For
space-like q2 =  Q 2 < 0 we obtain from (3)

Þe f f
s (Q 2 )

³
= e  Q 2 =4  2

; (4)

where we have normalized Þe f f
s

 
Q 2 = 0

Ð
= ³ = 1, as in

the case of the eÞect ive charge for the B jorken and Gross-
Llewellyn-Smith sum rules. T he form of Þe f f

s (Q 2 ) is com-
pared in þg. 1 with available experimental data and lat-
t ice results for the value  = 0:54 G e V determined from

the vector meson principal Regge tra jectory. [9] T he form
of the eÞect ive coupling from AdS/ Q C D shows an ex-
cellent agreement with available data in the strong cou-
pling regime up to Q ¾ 1 G e V . Above 1 G e V , where the
non-perturbative conþning eÞects vanish exponentially,
one should expect a logarithmic dependence from P Q C D
Coulomb eÞects from gluon exchange.

Q (GeV)

!
s(

Q
)/
"

pQCD evol. eq.

!
s,g1

/" world data

!
s,#

/" OPAL

AdS/CFT
$=0.54 GeV
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Hall A/CLAS PLB 650 4 244
JLab CLAS PLB 665 249

!
s,F3

/"

GDH limit

0
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F I G . 1: T he st rongly coupled eÞec t ive coupling from light-
front holographic mapping is compared wi t h eÞec t ive Q C D
couplings ex t rac t ed from diÞerent obser vables and la t t ice re-
sul ts for  = 0:54 G e V . See t ex t for de t ails.

T he eÞect ive couplings Þs;g1 and Þs; F 3 are extracted in
[13]. T hey are deþned following the prescript ion of Grun-
berg. [14] Data on the isovector spin structure funct ion
gp  n

1 þrst moment ,  p  n
1 , from JLab [15] were used to

form Þs;g1 . C C F R data on the structure funct ion F 3
þrst moment [16] were used to form Þs; F 3 , which was
then related to Þs;g1 using commensurate scale relat ions
(CSR). [17] Furthermore, fundamental sum rules con-
straining the low [18] and large [19] Q 2-behavior of  p  n

1
can supplement the data to obtain Þs;g1 at any Q 2 . We
note that the works of [14] and [17] pertain to the U V
domain, while [13] tentatively extended them to the IR
region. T he main feature of Þs;g1 is i ts approximate scale
invariance in the IR domain, in agreement with the fact
that color conþnement leads to an IR þxed point . [20]
T he Þs;g1 is also in qualitat ive accordance with predic-
t ions of Þs at small Q 2 , including lat t ice Q C D , [21] solv-
ing the Schwinger-Dyson equations, [22] or choosing the
coupling in a const i tuent quark model so that it repro-
duces hadron spectroscopy. [23] We point out that the
only diÞerence between all these Þs is their values at
Q 2 = 0: once normalized to the same point at Q 2 = 0
their Q 2-dependences agree within uncertainty. [13, 24]

κ= 0.54 GeV

Q(GeV)

αs(Q)
π

10

αAdS
s (Q)/π = e−Q2/4κ2
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more
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Running Coupling from Light-Front Holography and AdS/QCD

αAdS
s (Q)/π = e−Q2/4κ2

αs(Q)
π

Deur,  de Teramond, sjb

κ = 0.54 GeV

Analytic, defined at all scales, IR Fixed Point
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Features of  AdS/QCD LF Holography

• Based on Conformal Scaling of Infrared QCD Fixed Point

• Conformal template: Use isometries of AdS5

• Interpolating operator of hadrons based on twist, superfield 
dimensions

• Finite Nc = 3: Baryons built on 3 quarks -- Large Nc limit not 
required

• Break Conformal symmetry with dilaton

• Dilaton introduces confinement -- positive exponent

• Origin of Linear and HO potentials: Stochastic arguments 
(Glazek); General  ‘classical’ potential  for Dirac Equation (Hoyer)

• Effective Charge from AdS/QCD at all scales

• Conformal Dimensional Counting Rules for Hard Exclusive 
Processes
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soft wall
confining potential:

Light-Front Holography: 
Map AdS/CFT  to  3+1 LF Theory

�
− d2

d2ζ
+ V (ζ)

�
=M2φ(ζ)

�
− d2

dζ2 + V (ζ)
�
=M2φ(ζ)

ζ2 = x(1− x)b2
⊥.

Jz = Sz
p =

�n
i=1 Sz

i +
�n−1

i=1 �z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Relativistic LF radial equation!

G. de Teramond, sjb 
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Frame Independent
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The World of Quarks and Gluons:

• Quarks and Gluons: Fundamental constituents              
of hadrons and nuclei

• Remarkable and novel properties                                    
of Quantum Chromodynamics (QCD)

• New Insights from higher space-time dimensions: 
Holography: AdS/CFT

• Need to understand QCD at the Amplitude Level:  
Hadron wavefunctions!
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String Theory

AdS/CFT

Semi-Classical QCD / Wave Equations

Mapping of  Poincare’ and 
Conformal SO(4,2) symmetries of 

3+1 space 
to  AdS5 space

Integrable!
Boost Invariant 3+1 Light-Front Wave Equations

Hadron Spectra, Wavefunctions, Dynamics

AdS/QCD
Conformal behavior at short 

distances
+ Confinement at large 

distance

Counting rules for Hard 
Exclusive Scattering
Regge Trajectories

Holography

Integrable! J =0,1,1/2,3/2 plus L

Goal: First Approximant to QCD

QCD at the Amplitude Level
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more
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Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...
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New Perspectives for QCD from AdS/CFT

• LFWFs:  Fundamental frame-independent description of 
hadrons at amplitude level

• Holographic Model from AdS/CFT : Confinement at large 
distances and conformal behavior at short distances

• Model for LFWFs, meson and baryon spectra: many 
applications!

• New basis for diagonalizing Light-Front Hamiltonian

• Physics similar to MIT bag model, but covariant. No 
problem with support 0 < x  < 1.

• Quark Interchange dominant force at short distances
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Use AdS/CFT orthonormal LFWFs 
as a basis for diagonalizing

the QCD LF Hamiltonian

• Good initial approximant

• Better than plane wave basis

• DLCQ discretization -- highly successful 1+1

• Use independent HO LFWFs, remove CM 
motion

• Similar to Shell Model calculations

Vary, Harinandrath, Maris, sjb
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ΩΛ = 0.76(expt)

(ΩΛ)EW ∼ 1056

(ΩΛ)QCD ∼ 1045

June 10, 2008 12:22 WSPC/Guidelines-MPLA 02770

Modern Physics Letters A
Vol. 23, Nos. 17–20 (2008) 1336–1345
c© World Scientific Publishing Company

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kavil Institute for Theoretical Physics, University of California,

Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

I give a brief and idiosyncratic overview of the cosmological constant paradox.

1.

Gravity knows about everything, whatever its origin, luminous or dark, even the
energy contained in fluctuating quantum fields.

As is well known, this leads us to one of the gravest puzzles of theoretical
physics. Consider the Feynman diagram with the graviton coupling to a matter
field (for example an electron field) loop. If we claim to understand the physics
of the electron field up to an energy scale of M, then the graviton sees an energy
density given schematically by Λ ∼ M 4 + M2m2

elog( M
me

) + m4
elog( M

me
) + · · · . Just

about any reasonable choice of M leads to a humongous energy density!!! In fact,
even if the first two terms were to be mysteriously deleted, there is still an energy
density of order m4

e, that is, an energy density corresponding to one electron mass
in a volume the size of the Compton wavelength of the electron, filling all of space,
which is clearly unacceptable.

Apparently, this disastrous prediction of quantum field theory has nothing to
do with quantum gravity. Indeed, the quantum field theory we need for the matter
field is merely free field theory: we are just adding up zero point energy of harmonic
oscillators.

The cosmological constant paradox may be summarized as follows. In some
suitable units, the cosmological constant was expected to have the value ∼ 10123.
This was so huge that it was decreed to be equal to = 0 identically, while the
measured value turned out to be ∼ 1. I have argued elsewhere that the proton
decay rate might offer an instructive lesson here.

I am presuming that the observed dark energy is the fabled cosmological con-
stant. The evidence seems increasingly to favor this simplest of hypotheses. Even
if this were not the case, much of the paradox still remains.

I define Λ by writing the Einstein-Hilbert action as
∫

d4x
√

g( 1
GR+Λ). It is useful

1336

“One of the gravest puzzles of 
theoretical physics”

QCD Problem Solved if Quark and Gluon condensates reside 

within hadrons, not LF vacuum 
Shrock, sjb
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Casher and Susskind Roberts et al. Shrock and sjb 

Roberts et al. 

Shrock and sjb 

Quark and Gluon condensates reside 

within hadrons, not vacuum 

• Bound-State Dyson-Schwinger Equations 

• AdS/QCD

• Analogous to finite size superconductor

• Implications for cosmological constant --                      
Eliminates  45 orders of magnitude conflict



 

Gell-Mann Oakes Renner Formula in QCD

current algebra: 
effective pion field

QCD: composite  pion
Bethe-Salpeter Eq.

vacuum condensate actually is an “in-hadron condensate”

Maris, Roberts, Tandyπ− < 0|q̄γ5q|π >

m2
π = − (mu + md)

fπ
< 0|iq̄γ5q|π >

m2
π = − (mu + md)

f2
π

< 0|q̄q|0 >
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RAPID COMMUNICATIONS

PHYSICAL REVIEW C 82, 022201(R) (2010)

New perspectives on the quark condensate

Stanley J. Brodsky,1,2 Craig D. Roberts,3,4 Robert Shrock,5 and Peter C. Tandy6

1SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94309, USA
2Centre for Particle Physics Phenomenology: CP3-Origins, University of Southern Denmark, Odense 5230 M, Denmark

3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
4Department of Physics, Peking University, Beijing 100871, China

5C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
6Center for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242, USA

(Received 25 May 2010; published 18 August 2010)

We show that the chiral-limit vacuum quark condensate is qualitatively equivalent to the pseudoscalar meson
leptonic decay constant in the sense that they are both obtained as the chiral-limit value of well-defined gauge-
invariant hadron-to-vacuum transition amplitudes that possess a spectral representation in terms of the current-
quark mass. Thus, whereas it might sometimes be convenient to imagine otherwise, neither is essentially a constant
mass-scale that fills all spacetime. This means, in particular, that the quark condensate can be understood as a
property of hadrons themselves, which is expressed, for example, in their Bethe-Salpeter or light-front wave
functions.

DOI: 10.1103/PhysRevC.82.022201 PACS number(s): 11.30.Rd, 14.40.Be, 24.85.+p, 11.15.Tk

Nonzero vacuum expectation values of local operators,
i.e., condensates, are introduced as parameters in QCD sum
rules, which are used to estimate essentially nonperturbative
strong-interaction matrix elements. They are also basic to
current algebra analyses. It is widely held that such quark
and gluon condensates have a physical existence, which is
independent of the hadrons that express QCD’s asymptotically
realizable degrees-of-freedom; namely, that these condensates
are not merely mass-dimensioned parameters in a theoretical
truncation scheme, but in fact describe measurable spacetime-
independent configurations of QCD’s elementary degrees-of-
freedom in a hadronless ground state.

We share the view that these condensates are fundamental
dynamically-generated mass-scales in QCD. However, we
shall argue that their measurable impact is entirely expressed
in the properties of QCD’s asymptotically realizable states;
namely hadrons. In taking this position we have assumed
confinement, from which follows quark-hadron duality and
hence that all observable consequences of QCD can, in
principle, be computed using a hadronic basis. Here, the term
“hadron” means any one of the states or resonances in the
complete spectrum of color-singlet bound states generated by
the theory.

We focus herein on 〈0|q̄q|0〉, where |0〉 is viewed as
some hadronless ground state of QCD. This is the vacuum
quark condensate. Its nonzero value is usually held to signal
dynamical chiral symmetry breaking (DCSB), a concept
of critical importance in QCD, whose connection with the
dressed-quark propagator was anticipated [1–5] (see also
references therein). As reviewed elsewhere (most recently,
e.g., Refs. [6–8]), DCSB is a remarkably efficient mass-
generating mechanism, the origin of constituent-quark masses
and intimately connected with confinement. It is also the basis
for the successful application of chiral-effective field theories
(see, e.g., Refs. [9,10] for contemporary perspectives). On the
face of it, this seems far more than can be understood simply
in terms of a nonzero vacuum expectation value 〈0|q̄q|0〉.

The notion that nonzero vacuum condensates exist and
possess a measurable reality has long been recognized as
posing a conundrum for the light-front formulation of QCD.
This formulation follows from Dirac’s front form of relativistic
dynamics [11], and is widely and efficaciously employed
in perturbative and nonperturbative QCD [12,13]. In the
light-front formulation, the ground state is a structureless Fock
space vacuum, in which case it would seem to follow that
DCSB is impossible. In response, it was argued by Casher
and Susskind [14] that, in the light-front framework, DCSB
must be a property of hadron wave functions, not of the
vacuum. This thesis has also been explored in a series of recent
articles [15–17].

A nonzero spacetime-independent QCD vacuum conden-
sate also poses a critical dilemma for gravitational interactions
because it would lead to a cosmological constant some
45 orders of magnitude larger than observation. As noted
elsewhere [15], this conflict is avoided if strong interaction
condensates are properties of rigorously well-defined wave
functions of the hadrons, rather than the hadronless ground
state of QCD.

Given the importance of DCSB and the longstanding
puzzles described above, we will focus our attention on
the vacuum quark condensate. The essential issues become
particularly clear in the context of the Gell-Mann–Oakes–
Renner relation [18,19], which is usually understood as the
statement

f 2
π m2

π = −
(
mu

ζ + md
ζ

)
〈q̄q〉0

ζ , (1)

wherein mπ is the pion’s mass; fπ is its leptonic decay
constant; m

q
ζ , with q = u, d, is the current-quark mass at a

renormalization scale ζ ; and 〈q̄q〉0
ζ is the chiral-limit vacuum

quark condensate, with a precise definition of the chiral limit
given below in Eqs. (8), (9). In arriving at Eq. (1) using
standard methods, one makes truncations; namely, soft-pion
techniques [20] have been used to relate an in-pion matrix
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Light-Front vacuum: trivial, causal, frame-independent
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• Condensates do not exist as space-time-independent 
phenomena

• Property of hadron wavefunctions: Bethe-Salpeter or Light-
Front:   “In-Hadron Condensates”

• Find:

• Zero contribution to cosmological constant!     Included in 
hadron mass

• ρπ  survives for small mq -- enhanced running mass from gluon 
loops / multiparton Fock states

• Light-Front Vacuum: Causal, trivial, no normal ordering 
needed

Summary on QCD `Condensates’

< 0|q̄q|0 >

fπ
→ − < 0|iq̄γ5q|π >= ρπ

< 0|q̄iγ5q|π > similar to < 0|q̄γµγ5q|π >
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Many Analogs: QED/QCD
• Diffractive Dissociation of Atoms/Hadrons

• Atomic/Color Transparency

• Light-Front Wavefunctions

• Atomic Alchemy/B decay

• Atom Formation/Hadronization

• Spontaneous pair production/ Confinement

• Intrinsic heavy leptons/Intrinsic Charm

• True Muonium/Quarkonium

• Scale Setting, Counting Rules
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Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

Menlo Park, Calif. - A keystone of evolutionary history, the Thermopolis
Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...

» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

The U.S. Department of Energy (DOE) and NASA announced today that the
Gamma-Ray Large Area Space Telescope (GLAST) has revealed its first all-sky
map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

Physicists Discover New Particle: The Bottom-most
"Bottomonium"

Thirty years ago, particle physics delighted in discovering the "bottomonium"
family—the set of particles that contain both a bottom quark and an anti-
bottom quark but are bound together with different energies. Ever since,
researchers have sought...

» read more

» more press releases
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Truth is stranger than fiction, but it is 
because Fiction is obliged to stick to 
possibilities.        —Mark Twain

• Although we know the QCD Lagrangian, we 
have only begun to understand its remarkable 
properties and features.

• Novel QCD Phenomena: hidden color, color 
transparency, strangeness asymmetry, intrinsic 
charm, anomalous heavy quark phenomena,  
anomalous spin effects, single-spin 
asymmetries, odderon, diffractive deep 
inelastic scattering, dangling gluons, 
shadowing, antishadowing, quark-gluon 
plasma, ...
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I thought I had 
discovered the 

Theory of Everything 
But everything 
canceled out !

175

A Theory of Everything Takes Place
SCIENCE  VOL  265 15 SEPTEMBER 1995

String theorists have broken an impasse and may be 
on their way to converting this mathematical 

structure -- physicists’ best hope for unifying gravity 
and quantum theory -- into a single coherent theory.


