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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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Novel Leptonic QED Effects at the JLab
Heavy-Photon Probe Experiment
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Atoms in Flight

Thanks to John Jaros, Rich Lebed, Guy Ron



Indirect Dark Matter Searches in the Light of

ATIC, FERMI, EGRET and PAMELA

W. de Boer

Institut für Experimentelle Kernphysik
KIT, D-76131 Karlsruhe, Germany

Abstract. Recently, new data on antiprotons and positrons from PAMELA, e−+e+ spectra from
ATIC, FERMI and HESS up to TeV energies all indicate deviations from expectations, which has
caused an interesting mix of new explanations, ranging from background, standard astrophysical
sources to signals from dark matter (DM) annihilation. Unfortunately, the excess in positrons is not
matched with obvious excesses in antiprotons or gamma rays, so a new class of DM scenarios with
”leptophilic” WIMP candidates have been invoked. On the other hand, the increase in the positron
fraction, which could have had any spectral shape for new physics, matches well the shape expected
from proton background.

Keywords: Dark Matter, Galaxy, Cosmic Rays
PACS: 95.35.+d, 95.85.Pw, 98.65.-r, 98.70.Sa

INTRODUCTION

The quest for understanding the nature of the elusive dark matter has received a new
boost by the rising positron fraction observed by the PAMELA space-borne experi-
ment [1] in combination with rather hard spectra of electrons and positrons above ex-
pected background by the FERMI satellite [2], the ATIC balloon experiment [3] and
the H.E.S.S. earth-bound Cherenkov telescope [4]. These excesses were not accompa-
nied by an obvious excess in diffuse gamma rays in the halo at mid-latitude [5] nor in
antiprotons [6], which has led to speculations about a new class of ”leptophilic” dark
matter candidates [7, 8], which fit the data [9]. On the other hand astrophysical explana-
tions, like nearby pulsars [10, 11, 12, 13, 14, 15, 16, 17] or nearby SNRs [14, 18, 19],
provide viable explanations.

In this short summary we first discuss the data and then the possible explanations in
terms of astrophysical sources or dark matter annihilation. Given the explosion of papers
it will not be possible to discuss all ideas. Recent reviews on dark matter can be found
in Refs. [20] and [21].

PAMELA DATA ON POSITRONS AND ANTIPROTONS

PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics)
is a satellite-borne experiment carried on board of a Russian earth observing satellite,
which was launched in June, 2006. Its main components are i) a magnetic spectrometer
consisting of a silicon tracker inside a 45 cm high permanent magnet with a square
inner bore of 16x13 cm2 and a field of 0.4T; ii) a 24x24 cm2 Si-tungsten calorimeter
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FIGURE 1. Left: Positron fraction as measured by PAMELA in comparison with the GALPROP
prediction [1]. Right: PAMELA antiproton/proton ratio compared with predictions [6].

with a thickness of 16.3 X0; iii) a time-of-flight counter iv) an anti-coincidence counter;
v) a neutron counter. The main purpose of the experiment is the measurement of the
antiproton and positron components of cosmic rays in a energy range of 50 MeV to a
few 100 GeV with high statistics.

The main surprise of the first two years of data taking was the observation of an
increasing positron fraction, defined as the fraction e+/e+ + e−, above 10 GeV, while
standard propagation models, like GALPROP, predict a continuously decreasing fraction
[1]. The data up to 100 GeV are shown in Fig. 1a and agree with previous measurements
up to 10 GeV by HEAT [22] and AMS-01 [23]. In contrast, the antiprotons did not show
any particular feature, as shown by the antiproton/proton ratio in Fig. 1b [6].

ELECTRON PLUS POSITRONS FROM ATIC, FERMI AND HESS

The Advanced Thin Ionization Calorimeter (ATIC) is a balloon-based experiment de-
signed to study the spectra of cosmic ray protons, light nuclei, and electrons. It measures
electromagnetic showers in a 16 X0 thick calorimeter. The spectrum of the summed
fluxes of positrons and electrons start to become harder above 300 GeV with an abrupt
decrease at around 600 GeV, as shown in Fig. 2a [3]. The rather steep decline, observed
in 3 independent flights, has led to speculations about new physics, especially the pos-
sibility of the dark matter annihilation of Kaluza-Klein type WIMPs. These particles
occur naturally in theories of universal extra dimensions as reviewed by Hooper and
Profumo [24]. They can decay into lepton pairs, which would lead to a peak in the spec-
trum smeared with a low energy tail from final state radiation. Given that the excess stops
around 800 GeV this would require WIMP masses in this range. However, the bump was
not confirmed by data from the FERMI telescope [2], a gamma-ray telescope launched

FIGURE 2. Left: Spectrum of electrons+positrons from FERMI and ATIC. From Abdo et al. [2]. Right:
as left, but for different experiments and including new data from H.E.S.S. From Aharonian et al. [4].

in June 2008 by the NASA. It consists of a silicon tracker including a converter to con-
vert gamma rays into electron pairs, whose energy is measured in a CsI(TI) scintillating
calorimeter with a thickness of 8.6 X0. The FERMI data showed a smooth spectrum
with only a shallow structure, as shown by the dashed red line in Fig. 2a. The spectrum
up to 1 TeV could be reasonably well described by a power line proportional to E−3.0 in
agreement with data from the H.E.S.S. experiment (High Energy Stereoscopic System,
an earth-bound array of Cherenkov telescopes, which measures high energy gamma rays
from the Cherenkov light in the air shower), as shown in Fig. 2b. Also these data show
no indication of a structure in the electron spectrum, but rather a power-law spectrum
with a spectral index of 3.0±0.1(stat.)±0.3(syst.), which steepens at about 1 TeV [4],
indicative of the cut-off of nearby astrophysical sources.

CONSTRAINTS FROM ANTIPROTONS

Charged particles frequently change directions in the irregular magnetic fields of the
Galaxy. This kind of random walk is usually described by a diffusion equation. The
diffusion equation describing the transport of cosmic rays (CRs) in the Galaxy is solved
numerically in the publicly available GALPROP code [25]. In its simplest version,
sometimes called the conventional model, the diffusion coefficient is isotropic and has
everywhere the same value and the spectral shape of the locally observed CRs is assumed
to be representative for the Galaxy. Details about Galactic propagation models can be
found in a review by Strong et al. [26].

The isotropic propagation models have a few important deficiencies: i) they do not
allow for significant convection of CRs by gas streams, which are therefore assumed to
have negligible velocities. However, this disagrees with the recent ROSAT data on X-
ray spectra in the halo [28] ii) they cannot explain the large bulge/disc ratio of the 511
keV positron annihilation line, as observed by INTEGRAL, see Ref. [29] for a review
iii) they tend to overproduce the number of gamma rays towards the Galactic centre
in comparison to the gamma ray production away from the Galactic centre [30]. These

Spectrum of electrons+positrons from FERMI and ATIC. Positron fraction as measured by PAMELA 
in comparison with the GALPROP prediction.

Weakly-Coupled Heavy Photons?
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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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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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Atoms in Flight

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
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Atoms in Flight

Why measure Bethe-Heitler/Trident Processes?

• Test exact all-orders Bethe-Maximon formula

• Test lepton\anti-lepton asymmetries 

• Compton Effect: Spacelike and Timelike DVCS

• Two-photon corrections -- origin of Rosenbluth breakdown?

• Relativistic positronium, muonium, true muonium in flight

• Dissociation: LFWFs, Transparency, LPM 

• Proton size measurements; electron screening effect

• Muon-Proton anomaly?

• Fermi-Dirac Statistics

• QCD Analogs



µ−Z → µ−µ−µ+Z

Compute each helicity amplitude using spinor 
representations

�−Z → �−�−�+Z

Zero from chirality, Jz conservation

Doubly Virtual 
Compton Scattering

Muon Tridents





Muons obey 
Fermi Statistics



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



True Muonium Lebed, sjb

[µ+µ−]

γ∗ µ−

µ+

e+

e−

[µ+µ−]

Electron-Positron Collider:  
Bj: FISR (Fool’s Intersecting Storage Ring ) 

Frame

e+

e−
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Atoms in Flight

• 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 at JLab[μ+μ-] 

eZ → eZ[µ+µ−]nS qmin �
M2

µ+µ−

ν ∼ 10 MeV

e−
e−

µ+

µ−

e+

e−

γ∗

or γγ
true muonium
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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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Atoms in Flight

• 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-] 

eZ → eZ[µ+µ−]nS qmin �
M2

µ+µ−

ν ∼ 10 MeV

e−
e−

µ+

µ−

e+

e−

γ∗

or γγ
true muonium



 Stan Brodsky 
 SLAC 

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
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Atoms in Flight

• 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 -- spectroscopy -- annihilation kernel

• Production of True Muonium [μ+μ-] 

eZ → eZ[µ+µ−]nS qmin �
M2

µ+µ−

ν ∼ 10 MeV

e−
e−

µ+

µ−

true muonium

γ

γ
C = +
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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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Atoms in Flight

Why measure  true muonium?

• First Observation

• Relativistic true muonium in flight

• Muon Anomaly

• Duality of continuum and bound states

• Dissociation: LFWFs, Front Form, Transparency, LPM 

• Spectroscopy

• Lamb Shift, HFS, annihilation kernel, timelike vacuum polarization

• Zeeman from moving system through electric field

• QCD Analogs



Coulomb Enhancement of Pair Production at Threshold

σ → σS(β)

X(β) =
πα
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S(β) =
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1− e−X(β)

Sommerfeld-Schwinger-Sakharov Effect
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Bjorken: Analytical Connection to Rydberg Levels below Threshold

Kühn, Hoang, sjb

Duality of 
bound-state 

and continuum 
physics



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



• Production of True Muonium [μ+μ-] 

eZ → eZ[µ+µ−]nS qmin �
M2

µ+µ−

ν ∼ 10 MeV

e−
e−

µ+

µ−

e +

e −

Produces all Rydberg levels within resolution

Analytic Connection to  SSS- Enhanced
Threshold Production 

γ∗
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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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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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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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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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Artist's version of the ACE spacecraft.
Click on image for full size ( 24K GIF)
Courtesy of NASA

Flying Atoms?
News story originally written on June 4, 1999

Scientists have found a possible source of the
high speed atoms flying through space in the form
of cosmic rays. These atoms reach velocities
close to the speed of light. It was known that the
source of the energy that causes the high speeds
is a supernova, or exploding star. However, the
exact source of the actual atoms was unknown
until now.

Using an instrument aboard NASA's Advanced
Composition Explorer (ACE), scientists are able to
investigate the cosmic rays, and have come up
with some surprising results. NASA scientists now
believe the atoms are pieces of dust and gas
already in space, being pushed through by the
explosions.

Scientists know that a certain type of Nickel decays over time. They found atoms that have
been decaying for 100,000 years. In order to decay, Nickel atoms have to be stationary. It is
impossible for the atoms to be going the speed of light and decay at the same time. Scientists
conclude the atoms must be made of gas and dust that was already in space. 

Learn more about the ACE mission

Last modified prior to September, 2000 by the Windows Team

The source of this material is Windows to the Universe, at http://www.windows.ucar.edu/ at the University
Corporation for Atmospheric Research (UCAR). © The Regents of the University of Michigan. Windows to

the Universe® is a registered trademark of UCAR. All Rights Reserved. Site policies and disclaimer
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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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Atoms in Flight

Features of Bethe-Salpeter Equation

• 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

p2
i �= m2

i



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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COMPOSITE SYSTEMS 335 

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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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). 

Guess wavefunction for moving bound state
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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). 
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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). 
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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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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 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). 
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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 
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*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). 
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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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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). 
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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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boosts of constituents since 
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•Only known at weak binding
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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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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
simplify the amount of practical work. Since one knows so little on the typical solutions of a field
theory, it might well be worth the effort to admit also other than the conventional “instant” form.

The bulk of research on field theory implicitly uses the instant form, which we do not even
attempt to summarize. Although it is the conventional choice for quantizing field theory, it has

S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486 315

Instant Form Front Form 
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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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‘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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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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What's in a name? Great past, great future, great science...
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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
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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

〉
→

∣∣+ 1
2

− 1
〉

+ 1
2

−1 +1

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

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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Quantum Mechanics: Uncertainty in  p, x, spin

Relativistic Quantum Field Theory: 
Uncertainty in particle number n

Positronium n=2

Lamb Shift n=3

Hyperfine splitting n=3
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Vacuum Polarization n=4
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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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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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ū

E� = E − ν, �q

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

Invariant under boosts!  Independent of Pμ 

40

Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory
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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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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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E791 FNAL Diffractive DiJet 
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Target left Intact!
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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
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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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Atoms in Flight

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

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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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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Key Ingredients in  E791 Experiment

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

Color Transparency
Bertsch, Gunion, Goldhaber, sjb

A. H. Mueller,  sjb

• 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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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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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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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
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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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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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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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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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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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P. Huet, sjb

QCD Lagrangian

Analytic limit of QCD: Abelian Gauge Theory

QCD          QED



 
SLAC

December 14, 2010
 Stan Brodsky 

 SLAC 

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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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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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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Bethe-Maximon All-Orders 
Formula for Pair Production



Bethe-Maximon All-Orders Formula for Pair Production

γZ → �+�−Z

a = Zα



•Lepton Charge Asymmetry

γZ → �+�−Z



•Lepton Charge Asymmetry

γZ → �+�−Z



dσ− − dσ+

dσ+ + dσ+
=

πZα sin θ/2
1 + sin θ/2

•Lepton Charge Asymmetry



DVCS Physics
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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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J=0 Fixed Pole  Contribution to DVCS

p

γ∗ γ

p�

γ∗ γ

p�
p

• J=0 fixed pole -- direct test of QCD locality -- from seagull or instantaneous 
contribution to Feynman propagator

Szczepaniak, Llanes-Estrada, sjb

Real amplitude, independent of Q2 at fixed t

Close, Gunion, sjb
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Hard Reggeon 
Domain

Deeply Virtual Compton Scattering

p

γ∗

βR(t) ∼ 1
t2

Reflects elementary coupling of two photons to quarks

s >> −t, Q2 >> Λ2
QCD

γ∗p→ γp
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1
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1
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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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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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A bound on the energy loss of partons in nuclei 

Stanley J. Brodsky 

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA 

and 

Paul Hoyer  

Department of Physics, University of Helsinki, SF-O0170 Helsinki, Finland 

Received 17 October 1992 

We derive a quan tum mechanical upper bound on the amount  of  radiative energy loss suffered by high energy quarks and gluons 

in nuclear matter. The bound shows that the nuclear suppression observed in quarkonium production at high xv cannot be ex- 

plained in terms of  energy loss of  the initial or final parton states. We also argue that no nuclear suppression is expected in the 

photoproduction of  light hadrons at large XF, 

In high energy inelastic hadron-nucleus (hA) col- 

lisions, the projectile rarely retains a major fraction 

of its momentum after traversing the nucleus [ 1 ]. 

Rather, its momentum is shared by several produced 

particles, which form a hadron jet in the forward di- 

rection. The classical description of this phenomena 

is that the hadron projectile suffers multiple colli- 

sions and repeated energy loss in the nucleus. How- 

ever, the quantum mechanical situation in QCD is 

much more interesting. It is convenient to decom- 

pose the wavefunction of the incoming hadron of lab 

momentum P in terms of its free quark and gluon 

Fock states. Each Fock state of invariant mass ~/g then 

persists for a time 2P/(j/gZ_M 2) which for large P 

is long compared to the transit time through the nu- 

cleus [2 ]. Due to time dilation, constituents which 

are separated by a typical distance of I fm in impact 

space have no time to communicate while in the nu- 

cleus. Thus at high energies the quark and gluon con- 

stituents of the hadron typically interact indepen- 

dently of each other. Each quark or gluon constituent 

can lose a finite fraction of its energy in its first colli- 

sion in the target due to QCD bremsstrahlung. How- 

¢r Work supported by the Department  of  Energy, contract DE- 

AC03-76SF00515. 

ever, since there is insufficient time to regenerate its 

self-field, repeated collisions (of similar hardness) by 

the same patton in the target do not significantly in- 

crease its total energy loss [ 3]. For similar reasons, 

final state hadrons are formed only after the projec- 

tile constituents have left the nucleus. Thus the nu- 

clear interactions of a high energy hadron can be most 

simply described in terms of the individual interac- 

tions of its quarks and gluons. It is only necessary to 

take into account coherent interactions between con- 

stituents for the rare Fock components having a small 

transverse size [4 ]. 

The uncorrelated interactions of a high energy 

hadron's constituents in nuclear matter imply that the 

constituents will normally hadronize independently 

of each other outside the nucleus, giving rise to over- 

lapping jets in the forward direction. The rare case 

where a single hadron h' carries a large fraction xv of 

the beam momentum thus most likely occurs when 

h' is formed from a transversely compact Fock state 

which can retain its coherence while traversing the 

nucleus. As we showed in an earlier paper [ 5 ], if the 

A-dependence of the inclusive cross section on nuclei 

da/dxv(hA~h'X) is parametrized as A'~(xv), then 

this restriction to compact states implies a m o n o -  

0370-2693/93/$ 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved. 165 
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Fig. 1. Photon radiation diagrams associated with the double 

Coulomb scattering of  a (scalar) electron at the fixed times t~ 

and 12. The total initial and final energy of  the scattering is E, and 

the intermediate energies at the t imes indicated in (a) ,  (b)  and 

(c) are denoted by Eai , Ebi and E¢i ( i = 1, 2 ), respectively. 

fig. 1. Up to a common factor (which includes the 

Coulomb propagators), the amplitudes of the three 

time orderings are 

Ma(t<tl, t2) = - i  exp [ - iEa2 (t2 - t l  ) ] 

II  

! ~ d t e x p [ - i ( E a i - E ) ( t l - t ) ]  

e-p exp( - iEa2  At ) ,  
E - - E a l  

Mb(tl < t<  t 2 ) -  
e" (P+II  ) 

Ebl --Eb2 

X [exp( --iEbl At) --exp( --i-Eb2 At) ] , 

M¢(tl, t2 < t) - 
e" (p+l~ +12) 

E -  Ec2 

! exp(- iE¢~ At) . (4) 

Here At= t 2 -  tl and Eal, . . . ,  Ec2 are the energies of  the 

scattering system at the intermediate times indicated 

in fig. 1. 

As the initial (and final) scattering energy grows 

(E- ,  oo at fixed fractional momentum x~ = kll/E of the 

photon), all of the intermediate energies approach E. 

For example, 

1 ( 
E - E a l ~ -  2 E ( 1 - x ~ )  x~m2+ x~/" (5) 

Thus at fixed #2 At all phase factors in eq. (4) ap- 

proach exp ( - iE At). The amplitudes Ma and Me then 

each have the same form as the amplitude for a single 

Coulomb scattering with momentum exchange 

1= 11 +/2. The amplitude Mb, which describes photon 

emission between the two Coulomb exchanges, is of 

O(1/E) compared to Ma+Mb, due to the cancella- 

tion of the phase factors in brackets. Hence the dou- 

ble scattering is not resolved, and the strength of the 

single scattering is renormalized. This is precisely the 

content of the uncertainty relation, stating that mul- 

tiple scattering in a target of fixed length cannot in- 

duce fractional energy loss in the high energy limit. 

On the other hand, we can also see from eq. (5) 

t h a t  M b is of the same order as Ma,b if the photon mo- 

mentum fraction xy=O(  1/E).  Hence multiple scat- 

tering can induce afixed energy loss in the laboratory 

frame. In general, the fractional energy loss xy that 

can be induced by multiple scattering in a target of 

length LA is limited by 

g~ LA 
xy < 2E ' (6) 

where k± is the transverse momentum of the photon. 

As discussed above, the same bound (6) can be ob- 

tained directly from the uncertainty relation, and thus 

applies equally to gluon radiation by incoming or 

outgoing partons in hadron scattering. Hence the 

bound on the fractional energy loss Axl of the projec- 

tile parton appearing in eqs. ( 1 ), (2) is given by 

AX 1 ~ K A 1 / 3 ,  ( 7 )  
XlS  

where we used E=xls/2Me and took the nuclear ra- 

dius R A ~ 1.2 fm A 1/3 tO characterize the largest effec- 

~2 Or for any At<LA, as would be the case for scattering in a 

nucleus of diameter LA. 
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In general, the fractional energy loss x that 
can be induced by multiple scattering in a 
target of length LA is limited by

Multiple scattering can induce a fixed 
energy loss in the laboratory frame.

∆x <
k2
⊥LA

2Elab
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Indirect Dark Matter Searches in the Light of

ATIC, FERMI, EGRET and PAMELA

W. de Boer

Institut für Experimentelle Kernphysik
KIT, D-76131 Karlsruhe, Germany

Abstract. Recently, new data on antiprotons and positrons from PAMELA, e−+e+ spectra from
ATIC, FERMI and HESS up to TeV energies all indicate deviations from expectations, which has
caused an interesting mix of new explanations, ranging from background, standard astrophysical
sources to signals from dark matter (DM) annihilation. Unfortunately, the excess in positrons is not
matched with obvious excesses in antiprotons or gamma rays, so a new class of DM scenarios with
”leptophilic” WIMP candidates have been invoked. On the other hand, the increase in the positron
fraction, which could have had any spectral shape for new physics, matches well the shape expected
from proton background.

Keywords: Dark Matter, Galaxy, Cosmic Rays
PACS: 95.35.+d, 95.85.Pw, 98.65.-r, 98.70.Sa

INTRODUCTION

The quest for understanding the nature of the elusive dark matter has received a new
boost by the rising positron fraction observed by the PAMELA space-borne experi-
ment [1] in combination with rather hard spectra of electrons and positrons above ex-
pected background by the FERMI satellite [2], the ATIC balloon experiment [3] and
the H.E.S.S. earth-bound Cherenkov telescope [4]. These excesses were not accompa-
nied by an obvious excess in diffuse gamma rays in the halo at mid-latitude [5] nor in
antiprotons [6], which has led to speculations about a new class of ”leptophilic” dark
matter candidates [7, 8], which fit the data [9]. On the other hand astrophysical explana-
tions, like nearby pulsars [10, 11, 12, 13, 14, 15, 16, 17] or nearby SNRs [14, 18, 19],
provide viable explanations.

In this short summary we first discuss the data and then the possible explanations in
terms of astrophysical sources or dark matter annihilation. Given the explosion of papers
it will not be possible to discuss all ideas. Recent reviews on dark matter can be found
in Refs. [20] and [21].

PAMELA DATA ON POSITRONS AND ANTIPROTONS

PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics)
is a satellite-borne experiment carried on board of a Russian earth observing satellite,
which was launched in June, 2006. Its main components are i) a magnetic spectrometer
consisting of a silicon tracker inside a 45 cm high permanent magnet with a square
inner bore of 16x13 cm2 and a field of 0.4T; ii) a 24x24 cm2 Si-tungsten calorimeter
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FIGURE 1. Left: Positron fraction as measured by PAMELA in comparison with the GALPROP
prediction [1]. Right: PAMELA antiproton/proton ratio compared with predictions [6].

with a thickness of 16.3 X0; iii) a time-of-flight counter iv) an anti-coincidence counter;
v) a neutron counter. The main purpose of the experiment is the measurement of the
antiproton and positron components of cosmic rays in a energy range of 50 MeV to a
few 100 GeV with high statistics.

The main surprise of the first two years of data taking was the observation of an
increasing positron fraction, defined as the fraction e+/e+ + e−, above 10 GeV, while
standard propagation models, like GALPROP, predict a continuously decreasing fraction
[1]. The data up to 100 GeV are shown in Fig. 1a and agree with previous measurements
up to 10 GeV by HEAT [22] and AMS-01 [23]. In contrast, the antiprotons did not show
any particular feature, as shown by the antiproton/proton ratio in Fig. 1b [6].

ELECTRON PLUS POSITRONS FROM ATIC, FERMI AND HESS

The Advanced Thin Ionization Calorimeter (ATIC) is a balloon-based experiment de-
signed to study the spectra of cosmic ray protons, light nuclei, and electrons. It measures
electromagnetic showers in a 16 X0 thick calorimeter. The spectrum of the summed
fluxes of positrons and electrons start to become harder above 300 GeV with an abrupt
decrease at around 600 GeV, as shown in Fig. 2a [3]. The rather steep decline, observed
in 3 independent flights, has led to speculations about new physics, especially the pos-
sibility of the dark matter annihilation of Kaluza-Klein type WIMPs. These particles
occur naturally in theories of universal extra dimensions as reviewed by Hooper and
Profumo [24]. They can decay into lepton pairs, which would lead to a peak in the spec-
trum smeared with a low energy tail from final state radiation. Given that the excess stops
around 800 GeV this would require WIMP masses in this range. However, the bump was
not confirmed by data from the FERMI telescope [2], a gamma-ray telescope launched

FIGURE 2. Left: Spectrum of electrons+positrons from FERMI and ATIC. From Abdo et al. [2]. Right:
as left, but for different experiments and including new data from H.E.S.S. From Aharonian et al. [4].

in June 2008 by the NASA. It consists of a silicon tracker including a converter to con-
vert gamma rays into electron pairs, whose energy is measured in a CsI(TI) scintillating
calorimeter with a thickness of 8.6 X0. The FERMI data showed a smooth spectrum
with only a shallow structure, as shown by the dashed red line in Fig. 2a. The spectrum
up to 1 TeV could be reasonably well described by a power line proportional to E−3.0 in
agreement with data from the H.E.S.S. experiment (High Energy Stereoscopic System,
an earth-bound array of Cherenkov telescopes, which measures high energy gamma rays
from the Cherenkov light in the air shower), as shown in Fig. 2b. Also these data show
no indication of a structure in the electron spectrum, but rather a power-law spectrum
with a spectral index of 3.0±0.1(stat.)±0.3(syst.), which steepens at about 1 TeV [4],
indicative of the cut-off of nearby astrophysical sources.

CONSTRAINTS FROM ANTIPROTONS

Charged particles frequently change directions in the irregular magnetic fields of the
Galaxy. This kind of random walk is usually described by a diffusion equation. The
diffusion equation describing the transport of cosmic rays (CRs) in the Galaxy is solved
numerically in the publicly available GALPROP code [25]. In its simplest version,
sometimes called the conventional model, the diffusion coefficient is isotropic and has
everywhere the same value and the spectral shape of the locally observed CRs is assumed
to be representative for the Galaxy. Details about Galactic propagation models can be
found in a review by Strong et al. [26].

The isotropic propagation models have a few important deficiencies: i) they do not
allow for significant convection of CRs by gas streams, which are therefore assumed to
have negligible velocities. However, this disagrees with the recent ROSAT data on X-
ray spectra in the halo [28] ii) they cannot explain the large bulge/disc ratio of the 511
keV positron annihilation line, as observed by INTEGRAL, see Ref. [29] for a review
iii) they tend to overproduce the number of gamma rays towards the Galactic centre
in comparison to the gamma ray production away from the Galactic centre [30]. These

Spectrum of electrons+positrons from FERMI and ATIC. Positron fraction as measured by PAMELA 
in comparison with the GALPROP prediction.

Question: Has high xF charm 
hadroproduction been modeled correctly?
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for Intrinsic 
Charm

Measurement of Charm 
Structure  Function 

DGLAP / Photon-Gluon Fusion: factor of 30 too small
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» 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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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)

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

SLAC
December 14, 2010

Atoms in Flight

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
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Using intense X-ray beams, scientists will search for characteristics of the
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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-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...
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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
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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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Atoms in Flight

Why measure Bethe-Heitler/Trident Processes?

• Test exact all-orders Bethe-Maximon formula

• Test lepton\anti-lepton asymmetries 

• Compton Effect: Spacelike and Timelike DVCS

• Two-photon corrections -- origin of Rosenbluth 
breakdown?

• Relativistic positronium, muonium, true muonium in flight

• Dissociation: LFWFs, Transparency, LPM Effect 

• Proton size measurements; electron screening effect

• Muon-Proton anomaly?

• Fermi-Dirac Statistics

• QCD Analogs


