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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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Goal  of Science: 

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

• Proton and neutron composed of quarks

• Nuclei composed of protons and neutrons

• Atoms composed of nuclei and electrons  …
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1967 SLAC Experiment:
Scatter 20 GeV/c Electrons on protons 

in a Hydrogen Target
Discovery of the Quark Structure of Matter

Friedman, Kendall, Taylor: Nobel Prize
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Discovery of quarks!



Deep inelastic electron-proton scattering

• Rutherford scattering using 
very high-energy electrons 
striking protons

Discovery of quarks!
Expectation
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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...
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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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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
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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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QED:   Underlies Atomic Physics, Molecular Physics, 
Chemistry, Electromagnetic Interactions  ...

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

• Feynman diagrams and perturbation theory

• Bethe Salpeter Equation, Dyson-Schwinger 
Equations 

• Lattice Gauge Theory, 

• Discretized Light-Front Quantization

• AdS/QCD !

Theoretical Tools



logarithmic derivative 
of the QCD coupling  is negative

Coupling becomes weaker at short 
distances = high momentum transfer

⇧(⌅, b⇤)

⇥ = d�s(Q2)
d lnQ2 < 0

u

ū

E⇥ = E � ⇤, ✏q

Q2 = ✏q2 � ⇤2
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logarithmic derivative 
of the QED coupling is positive

Coupling becomes  stronger at short 
distances  = high momentum transfer
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In QED the β- function 

is positive

Landau Pole!
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Asymptotic unification of 
strong, electromagnetic, and weak 

forces in analytic 
pinch scheme

QED

QCD

Binger, sjbSupersymmetric
SU(5)



limNC ⇥ 0 at fixed � = CF�s, n⌥ = nF/CF

e+e� ⇥ p⇤ p

P. Huet, sjb

QCD Lagrangian

Analytic limit of QCD: Abelian Gauge Theory

QCD          QED

CF =
N2

C � 1
2NC



limNC ⇥ 0 at fixed � = CF�s, n⌥ = nF/CF

e+e� ⇥ p⇤ p

QCD ⇥ Abelian Gauge Theory

limNC ⇥ 0 at fixed � = CF�s, 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



Given the elementary gauge theory interactions, all 
fundamental processes described in principle!

Example from QED:  

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

1
2ge = 1.001 159 652 201(30)

1
2ge = 1.001 159 652 193(10)

ge accurate to 11 figures!

QED prediction  (Kinoshita, et al.)

Measurement (Dehmelt, et al.)

Dirac:  ge � 2

1
2ge = 1.001 159 652 201(30)

1
2ge = 1.001 159 652 193(10)

ge accurate to 11 figures!

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

Measurement (Gabrielse, et al.)
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Tenth-Order QED Contribution to the Electron g−2 and an Improved 
Value of the Fine Structure Constant

Tatsumi Aoyama, Masashi Hayakawa,Toichiro Kinoshita, and Makiko Nio



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

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

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

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

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

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

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

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

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

Total 13.0 (5.2) 0.06 (0.76)
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FIG. 4. Modes of the trap cavity observed with synchronized
electrons (a). Resulting assigned cavity shifts (points and
Table I) (b). First measured cavity shift of g (point) is the shift
between measurements at 146.8 and 149.0 GHz (c). Gray bands
are the assumed calibration and identification uncertainties for
mode frequencies in (a), and the resulting range of predicted
cavity shifts in (b) and (c).
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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...
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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
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» read more

August 26, 2008

GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky
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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,
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Production of True Muonium [μ+μ-] 

Rydberg Levels and Decays

Production of bound triplet mu+ mu- system in collisions of electrons with atoms.
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• Production of  True Muonium [μ+μ-] 

Use JLab Intense Electron Beam

eZ � eZ[µ+µ�]nS qmin ⇥
M2

µ+µ�

� � 10 MeV

e�
e�

µ+

µ�

e+

e�

��

or ��
true muonium

• 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
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• Gap extends in cm multiplied by Lorentz boost
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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 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) 

Use JLab Intense Electron Beam
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Atomic Alchemy 

Decay of a muonic atom to a moving 
electronic atom plus two neutrinos
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At rest

moving atom

~p[e�Z] = ~p[µ�Z] � ~p⌫̄e � ~p⌫µ = �~p⌫̄e � ~p⌫µ

Greub, Munger, Wyler, sjb

Measures very high momentum tail of atomic wavefunction



Atomic Alchemy 

Decay of a muonic atom to a moving 
electronic atom plus two neutrinos

[µ�Z] Z

µ� W�

⌫µ

⌫̄e

[e�Z]

e�
At rest

moving atom

~p[e�Z] = ~p[µ�Z] � ~p⌫̄e � ~p⌫µ = �~p⌫̄e � ~p⌫µ

Greub, Munger, Wyler, sjb

Measures very high momentum tail of atomic wavefunction





e�

Z1 + Z2 > 172

Spontaneous Positron Production in Strong-Field QED

Gribov:  Model for Quark Confinement

Z1
Z2

Greiner, Peiper
Rafelski

Popov, Marinov

e+

Adiabatic Collision



University of  Vienna, 
October 18, 2012 Parallels: Hadronic & Atomic Physics

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

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

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

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

Privacy Statement - Page Contact

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

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

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky

Many Analogs: QED/QCD

• Diffractive Dissociation of Atoms/Hadrons

• Atomic/Color Transparency

• Light-Front Wavefunctions

• Atomic Alchemy/B decay

• Atom Formation/Hadronization

• Spontaneous pair production/ Confinement

• Intrinsic heavy leptons/Intrinsic Charm

• True Muonium/Quarkonium
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Bethe-Salpeter Equation for  Hydrogenic  Atoms

an eigenvalue problem for P 0
= EN =

q
M2

N +

~P 2

In momentum space:

⌧a =
ma

ma + mb

⌧b =
mb

ma + mb

P = pa + pb p = ⌧bpa � ⌧apb

[�(a) · (⌧aP + p)�ma][�(b) · (⌧bP � p)�mb] N (p, P )

=
Z

d4p0G(p, p0;P ) N (p0, P )

a

b

(6pa �ma)(6pb �mb)|N >= G|N >

pµ
a + pµ

b = Pµ = (EN , ~P )

xa

xb

(i6@a �ma)(i6@b �mb)�N (xa, xb) = (G�N )(xa, xb)
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B&he-Salpeter Equation 

BRODSKY AND PRIMACK 

G = G, + GCROSSED + 

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

e 

GVACPOL. + GSELFENERGY + GNUC-POL + "' 

GCOULOMB -+ Schriidinger equation, proton finite size correction 

+ GTRANS + reduced mass corrections, HFS splittings 

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

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

+ GNuC-rOL-+ correction to HFS 

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

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

Bethe-Salpeter Theory of Hydrogenic Atoms 



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 6= 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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Total spin S,  
Projection Sz = M

a

b

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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Single particle wave-packet

COMPOSITE SYSTEMS 331 

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, 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. 

Wrong!!
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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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*P ‘P 
‘+ u&E 2i,.+k, 

=b *P =b * P 

X ’ - .,&if + E 2mb + kb 
P P P 
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I* This is similar to the approximation made in deriving Eq. (2.16). See Footnote (8). 

Correct  wavefunction for moving bound state

COMPOSITE SYSTEMS 331 

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). 

COMPOSITE SYSTEMS 331 

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). 

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. 

COMPOSITE SYSTEMS 331 

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). 

Not product of 
independent 

boosts!



316 BRODSKY AND PRIMACK 

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

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

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

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

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

Correct reduction of electromagnetic interaction 
in nonrelativistic limit 

a

b

a

b

Bound state of two spin-1/2 particles

Correction to 
Foldy-Wouthyusen!

Primack, sjb 
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6. LOW ENERGY FORWARD COMPTON SCATTERING 

A. SPIN 4 COMPOSITE SYSTEM 

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

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

where 

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

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

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

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

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

i Ei - w - Ej (6.3; 

The electromagnetic interaction Hamiltonian 

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

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

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

88 We remind the reader that W is the binding energy and that we assume W < M, m. 
H See Eq. (2.11). 
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ê ê0
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88 We remind the reader that W is the binding energy and that we assume W < M, m. 
H See Eq. (2.11). 

M"!#(✓ = 0)
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"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

First Gamma-ray-only Pulsar Observation Opens New Window on
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•Boost is not product of independent 
boosts of constituents since 
constituents are already moving

•Only known at weak binding

•Dirac:  Boosts are dynamical

•Correct form needed to prove Low 
Energy Theorem for Compton 
scattering and Drell-Hearn 
Gerasimov Sum Rule

Boost of a Composite System
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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 di!erent parametrizations. They are illustrated in Fig. 1, and cannot be
mapped on each other by a Lorentz transform. They di!er by the hypersphere on which the fields
are initialized, and correspondingly one has di!erent “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 di"cult 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 e!ort 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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Light-Front Wavefunctions:  rigorous representation of composite 
systems in quantum field theory
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in Fig. 5 or Fig. 6, or the corresponding
tables in Section 4. For the instantaneous boson lines use the factor !
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The light-cone Fock state representation can thus be used advantageously in perturbation
theory. The sum over intermediate Fock states is equivalent to summing all x!-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because of the restric-
tion to positive x, diagrams corresponding to vacuum fluctuations or those containing backward-
moving lines are eliminated.

3.4. Example 1: "he qqN -scattering amplitude

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

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states
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LQCD � HQCD
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Physical gauge: A+ = 0

Exact frame-independent formulation of 
nonperturbative QCD!
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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
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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
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(DOE) and international partners...
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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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‘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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moment vanishes [22]. The light-cone formalism also properly incorporates Wigner 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 =
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sz
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#
derives from

the n!1 relative momenta. This excludes the contribution to the orbital angular momentum

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
"f, the boson

constituent spin projection sz
b = "b, 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
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neglected and we have only the | + 1
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+ 1" configuration which is the non-

relativistic quantum state for the spin-half system composed of a fermion and a spin-1
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to the spin J z of the whole system. However, for ultra-relativistic binding in which the
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For leptons, such as the electron or neutrino, it is convenient to employ the electron
mass for M , so that the magnetic moment is given in Bohr magnetons.

Now we turn to the evaluation of the helicity-conserving and helicity-flip vector-
current matrix elements in the light-front formalism. In the interaction picture, the
current Jµ(0) is represented as a bilinear product of free fields, so that it has an
elementary coupling to the constituent fields [13, 14, 15]. The Dirac form factor can
then be calculated from the expression
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whereas the Pauli and electric dipole form factors are given by
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The summations are over all contributing Fock states a and struck constituent charges
ej. Here, as earlier, we refrain from including the constituents’ color and flavor
dependence in the arguments of the light-front wave functions. The phase-space
integration is

⌥
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where n denotes the number of constituents in Fock state a and we sum over the
possible {⇥i}, {ci}, and {fi} in state a. The arguments of the final-state, light-front
wave function di�erentiate between the struck and spectator constituents; namely, we
have [13, 15]

k⌅
⇧j = k⇧j + (1� xj)q⇧ (14)

for the struck constituent j and

k⌅
⇧i = k⇧i � xiq⇧ (15)

for each spectator i, where i ⌅= j. Note that because of the frame choice q+ = 0, only
diagonal (n⌅ = n) overlaps of the light-front Fock states appear [14].
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Nonzero orbital  quark angular momentum

Exact LF Formula for Pauli Form Factor
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graviton

Anomalous gravitomagnetic moment  B(0)

B(0) = 0 Each Fock State

sum over constituents

64

Hwang, Schmidt, sjb; 
Holstein et al

Terayev, Okun,  et al:  B(0) Must vanish because of 
Equivalence Theorem 



zero for q+ = 0

Calculation of Form Factors in  Equal-Time Theory

Instant Form

Calculation of Form Factors in  Light-Front Theory

Front Form

Absent for q+ = 0 zero !!

Need vacuum-induced currents

Complete Answer
No vacuum graphs
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Wick Theorem
Feynman diagram = 

single  front-form time-ordered diagram!

ae =
ge � 2

2
=

↵

2⇡
Also P !1 observer frame (Weinberg)
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Calculation of proton form factor in Instant Form 

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

• Need to couple to all currents arising from vacuum!! Remain 
even after normal-ordering

• Instant-form WFs insufficient to calculate form factors

• Each time-ordered contribution is frame-dependent

• Divide by disconnected vacuum diagrams

< p + q|Jµ(0)|p >

p + qp p + qp
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Heisenberg Matrix 
FormulationLight-Front QED

Eigenvalues and Eigensolutions give Positronium 
Spectrum and Light-Front wavefunctions

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

in LB-convention.

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

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

#
.

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

3.4. Example 1: "he qqN -scattering amplitude

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

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

!q, qN "" 1

!n
$

%$

!
$!"

b!
$"
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&
, #

&
)d!
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Hint
LF : Matrix in Fock Space

Physical gauge: A+ = 0

68

LQED ! HQED
LF

HQED
LF =

X

i

[
m2 + k2

?
x

]i + Hint
LF

HQED
LF | h >= M2

h| h >
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Heisenberg Matrix 
FormulationLight-Front QCD

Eigenvalues and Eigensolutions give Hadron 
Spectrum and Light-Front wavefunctions

HQCD
LF |�h >= M2
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HQCD
LF =
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]i + Hint
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Fig. 6. A few selected matrix elements of the QCD front form Hamiltonian H"P
!

in LB-convention.

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

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

#
.

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

3.4. Example 1: "he qqN -scattering amplitude

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

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

Hint
LF : Matrix in Fock Space

Physical gauge: A+ = 0

69



In terms of the hadron four-momentum P =
(P+, P�, ⌦P⇤) with P± = P0 ± P3, the light-
front frame independent Hamiltonian for a
hadronic composite system HQCD

LC = PµPµ =
P�P+� ⌦P2

⇤, has eigenvalues given in terms of
the eigenmass M squared corresponding to
the mass spectrum of the color-singlet states
in QCD,

HQCD
LC |�h⇧ =M2

h |�h⇧

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

in LB-convention.

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

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

#
.

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

3.4. Example 1: "he qqN -scattering amplitude
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amplitude to lowest non-trivial order. But the quark—antiquark scattering is only marginally more
di!cult. We thus imagine an initial (q, qN )-pair with di"erent flavors fOfM to be scattered o" each
other by exchanging a gluon.

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states
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Fig. 2. The Hamiltonian matrix for a SU(N)-meson. The matrix elements are represented by energy diagrams. Within
each block they are all of the same type: either vertex, fork or seagull diagrams. Zero matrices are denoted by a dot ( ) ).
The single gluon is absent since it cannot be color neutral.

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

!!""
!#"

(x
#
, k

!
, !

#
) or !!$"
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#
, k

!
, !

#
) . (3.15)

Consider a pion in QCD with momentum P"(P%, P
!
) as an example. It is described by
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]"n : x
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) , (3.16)

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

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

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

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

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

#
, k

!#
, !

#
"H"n' : x'

#
, k'

!#
, !'

#
$. The structure of this

matrix depends of course on the way one has arranged the Fock space, see Eq. (3.7). Note that most
of the block matrix elements vanish due to the nature of the light-cone interaction as defined in
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number of coupled integral eigenvalue equations, 

- - 

where V is the interaction part of HLC. Diagrammatically, V involves completely 
irreducible interactions--i.e. diagrams having no internal propagators-coupling 
Fock states (Fig. 5). These equations determine the hadronic spectrum and 

xJ= : 3 II 
- - 
0 
. . . . 

I- . 
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Figure 5. Coupled eigenvalue equations for the light-cone wa.vefunctious of a 

pion. 

wave functions. Although the potential is essentially trivial, the many channels 
required to describe an hadronic state make these equations very difficult to solve. 
Nevertheless the first attempts at a direct solution have been made. 

The bulk of the probability for a nonrelativistic system is in a single Fock 
state-e.g. (eE> for positronium, or Ibb) for the r meson. For such systems it 
is useful to replace the full set of multi-channel eigenvalue equations by a single 
equation for the dominant wavefunction. To see how this can be done, note that 
the bound state equation, say for positronium, can be rewritten as two equations 
using the projection operator P onto the subspace spanned by eE states, and its 
complement & E 1 - P: 

Hpp IPs)~ + HPQ IPs)~ = h4” IPs)p 
(29) 

H&p [Ps)~ + HQQ jP& = hf” h)g 

where H~Q E PHQ.. ., and lPsjp E P jPs) . . . . Solving the second of these 
equations for IPs)~ and substituting the result into the first equation, we obtain 
a single equation for the ee or valence part of the positronium state: 

Her [Ps)~ = Al2 IPS)P (30) 
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LIGHT-FRONT MATRIX EQUATION
G.P. Lepage, sjb

A+ = 0

⇥� ggg � d̄X

⇥� ggg � p̄n̄X

R = �(⇥�d̄X)
�(⇥�p̄n̄X)

R = C

ū(x) ⇥= d̄(x)

s̄(x) ⇥= s(x)

Minkowski space; frame-independent; no fermion doubling; no ghosts

Rigorous Method for Solving Non-Perturbative QCD!

• Light-Front Vacuum = Vacuum of Free Hamiltonian!

Possible zero modesCausal, Frame-Independent
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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...
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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
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(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
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Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...
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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"
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bottom quark but are bound together with different energies. Ever since,
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Quantum Mechanics: Uncertainty in  p, x, spin

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

Hyperfine splitting n=3
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c

c̄

Fixed LF time

Higher Fock States of the Proton
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The Light Front Fock State Wavefunctions

Ψn(xi,~k?i,λi)

are boost invariant; they are independent of the hadron’s energy

and momentum Pµ.
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Fixed LF time
Intrinsic heavy quarks    s̄(x) ⇤= s(x)
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Violation of Gottfried sum rule

ū(x) ⌅= d̄(x)

Does not produce (C = �) J/⇥,�

Produces (C = �) J/⇥,�

Same IC mechanism explains A2/3

c(x), b(x) at high x



QCD and the LF Hadron Wavefunctions

DVCS, GPDs. TMDs

Baryon Decay

Distribution amplitude
ERBL Evolution

Heavy Quark Fock States
Intrinsic Charm

Gluonic properties
DGLAP

Quark & Flavor Struct

Coordinate space 
representation

Quark & Flavor Structure

Baryon Excitations

General remarks about orbital angular mo-
mentum
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Initial and Final State 
Rescattering

DDIS, DDIS, T-Odd

Non-Universal 
Antishadowing

Nuclear Modifications
Baryon Anomaly

Color Transparency

Hard Exclusive Amplitudes
Form Factors

Counting Rules

�p(x1, x2, Q
2)

AdS/QCD
Light-Front Holography

LF Schrodinger Eqn.

LF Overlap, incl ERBL

J=0 Fixed Pole

Orbital Angular Momentum
Spin, Chiral Properties

Crewther Relation

Hadronization at 
Amplitude Level
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• LF wavefunctions play the role of Schrödinger wavefunctions in 
Atomic Physics

• LFWFs=Hadron Eigensolutions: Direct Connection to QCD 
Lagrangian

• Relativistic, frame-independent: no boosts, no disc contraction, 
Melosh built into LF spinors 

• Hadronic observables computed from LFWFs: Form factors, 
Structure Functions, Distribution  Amplitudes, GPDs, TMDs, Weak 
Decays, .... modulo `lensing’ from ISIs, FSIs

• Cannot compute current matrix elements using instant or point 
form from eigensolutions alone -- need to include vacuum currents!

•Hadron Physics without LFWFs is like 
Biology without DNA!

General remarks about orbital angular mo-
mentum
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• Hadron Physics without LFWFs is like Biology without DNA!

General remarks about orbital angular mo-
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μ 

Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory



Diffractive Dissociation of Pion  into 
Quark Jets

Measure Light-Front Wavefunction of Pion

Minimal momentum transfer to nucleus
Nucleus left Intact!

E791 Ashery et al.
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Diffractive Dissociation of  Atoms 

Measure Light-Front Wavefunction of Positronium 
and Other Atoms

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

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

light-front wavefunction
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Positronium LFWF
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D. Ashery, Tel Aviv University

THE kt DEPENDENCE OF DI-JETS YIELD
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Key Ingredients in  E791 Experiment

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

QCD COLOR Transparency
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Diffraction, Rapidity gap
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Table 1

The exponent in ! ! A" , experimental results for coherent dissociation and the color-transparency (CT) predictions [69]

kt bin (GeV/c) " #"stat #"sys #" "(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. q2
t 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 " = 1.54.

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

They calculate the " 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
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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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E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)

A-Dependence results: ! ! A"

kt range (GeV/c) " " (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

" (Incoh.) = 0.70 ± 0.1

88

Measure pion LFWF in diffractive dijet production 
Confirmation of color transparency 

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

Conventional Glauber Theory Ruled Out ! Factor of 7

Ashery E791 
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Bertsch, Gunion, Goldhaber, sjb

A. H. Mueller,  sjb

Color Transparency

• Fundamental test of gauge theory in 
hadron physics

• Small color dipole moments interact 
weakly in nuclei

• Complete coherence at high energies

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

• Fundamental test of gauge theory 
in atomic physics

• Small electric dipole moments 
interact weakly in target

• Complete coherence at high 
energies -- crystals!
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Final-State Interactions Produce 
Pseudo T-Odd  (Sivers Effect)

• Leading-Twist Bjorken Scaling!

• Requires nonzero orbital angular momentum of quark

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

• Wilson line effect  --  gauge independent

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

• QCD phase at soft scale!

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

• QED S and P Coulomb phases infinite -- difference of phases finite!
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Hot Topics in DIS
• Non-kt integrated quark distribution 

functions (cf. session Spin-4):

• transversity distribution

• Collins function

• Sivers function

• Boer-Mulders function

• Generalised Parton Distributions 
(Spin-6/7 (Diff 7/8

• Measurements of GE and GM (and 
associated discrepancies)

H. E. Jackson, PIC0435

Sivers Function

Boer-Mulders  
Function

T-Odd:
Require ISI or FSI 

Bj Sum Rule

Transversity

Unpolarized 
Distribution



 DY               correlation at leading twist from double ISI

the differential cross section is written as

1

!

d!

d"
!

3

4#

1

$"3

#! 1"$ cos2%"& sin2% cos '"
(

2
sin2% cos 2' " .

)1*

These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not

satisfied by the experimental data ,13,14-. The Drell-Yan

data show remarkably large values of ( , reaching values of

about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These

large values of ( are not compatible with $+1 as also seen

in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger

and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-

eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .

In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized

approach ,23- involving the chiral-odd partner of the Sivers

effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos ' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos ' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.

We compute the function h1
!(x ,p!

2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model

for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even* Sivers effect

function f 1T
! (x ,p!

2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC* should both be able to investigate azimuthal

asymmetries such as the cos 2' dependence. Since polarized

proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp!!!̄X )measurable

at RHIC* is smaller than for the process #$N!&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄!!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2!!!̄X *

d"dx1dx2d2q!

!
.2

3Q2 0
a , ā

ea
2# A)y *F , f 1 f̄ 1-

"B)y *cos)2'*F $ )2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin ' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.
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We show that initial-state interactions contribute to the cos 2# distribution in unpolarized Drell-Yan lepton

pair production pp and pp̄!!!!"X , without suppression. The asymmetry is expressed as a product of

chiral-odd distributions h1
!(x1 ,p!

2 )# h̄1
!(x2 ,k!

2 ), where the quark-transversity function h1
!(x ,p!

2 ) is the trans-

verse momentum dependent, light-cone momentum distribution of transversely polarized quarks in an unpo-

larized proton. We compute this !naive" T-odd and chiral-odd distribution function and the resulting cos 2#
asymmetry explicitly in a quark-scalar diquark model for the proton with initial-state gluon interaction. In this

model the function h1
!(x ,p!

2 ) equals the T-odd !chiral-even" Sivers effect function f 1T
! (x ,p!

2 ). This suggests

that the single-spin asymmetries in the semi-inclusive deep inelastic scattering and the Drell-Yan process are

closely related to the cos 2# asymmetry of the unpolarized Drell-Yan process, since all can arise from the same

underlying mechanism. This provides new insight regarding the role of the quark and gluon orbital angular

momentum as well as that of initial- and final-state gluon exchange interactions in hard QCD processes.

DOI: 10.1103/PhysRevD.67.054003 PACS number!s": 12.38.Bx, 13.85.Qk, 13.88.!e

I. INTRODUCTION

Single-spin asymmetries in hadronic reactions have been

among the most challenging phenomena to understand from

basic principles in QCD. Several such asymmetries have

been observed experimentally, and a number of theoretical

mechanisms have been suggested $1–6%. Recently, a new

way of producing single-spin asymmetries in semi-inclusive

deep inelastic scattering !SIDIS" and the Drell-Yan process

has been put forward $7,8%. It was shown that the exchange

of a gluon, viewed as initial- or final-state interactions, could

produce the necessary phase leading to a single transverse

spin asymmetry. The main new feature is that, despite the

presence of an additional gluon, this asymmetry occurs with-

out suppression by a large energy scale appearing in the pro-

cess under consideration. It has been recognized since then

$9% that this mechanism can be viewed as the so-called Sivers

effect $1,10%, which was thought to be forbidden by time-

reversal invariance $4%. Apart from generating Sivers effect

asymmetries, the mechanism offers new insight regarding the

role of orbital angular momentum of quarks in a hadron and

their spin-orbit couplings; in fact, the same S•! L! matrix ele-

ments enter the anomalous magnetic moment of the proton

$7%. The new mechanism for single target-spin asymmetries

in SIDIS necessarily requires noncollinear quarks and glu-

ons, and in the Sivers asymmetry the quarks carry no polar-

ization on average. As such it is very different from mecha-

nisms involving transversity !often denoted by h1 or &q),

which correlates the spin of the transversely polarized hadron

with the transverse polarization of its quarks.

In further contrast, the exchange of a gluon can also lead

to transversity of quarks inside an unpolarized hadron. This

chiral-odd partner of the Sivers effect has been discussed in

Refs. $6,11%, and in this paper we will show explicitly how

initial-state interactions generate this effect. Goldstein and

Gamberg reported recently that h1
!(x ,p!

2 ) is proportional to

f 1T
! (x ,p!

2 ) in the quark-scalar diquark model $12%. We con-

firm this and find that these two distribution functions are in

fact equal in this model. Although this property is not ex-

pected to be satisfied in general, nevertheless, one may ex-

pect these functions to be comparable in magnitude, since

both functions can be generated by the same mechanism. We

investigate the consequences of the present model result for

the unpolarized Drell-Yan process. We obtain an expression

for the cos 2# asymmetry in the lepton pair angular distribu-

tion. Here # is the angle between the lepton plane and the

plane of the incident hadrons in the lepton pair center of

mass. This asymmetry was measured a long time ago $13,14%
and was found to be large. Several theoretical explanations

!some of which will be briefly discussed below" have been

put forward, but we will show that a natural explanation can

come from initial-state interactions which are unsuppressed

by the invariant mass of the lepton pair.

II. THE UNPOLARIZED DRELL-YAN PROCESS

The unpolarized Drell-Yan process cross section has been

measured in pion-nucleon scattering: '"N!(!("X , with

N deuterium or tungsten and a '" beam with energy of 140,

194, 286 GeV $13% and 252 GeV $14%. Conventionally

*Email address: dboer@nat.vu.nl
†Email address: sjbth@slac.stanford.edu
‡Email address: dshwang@sejong.ac.kr

PHYSICAL REVIEW D 67, 054003 !2003"
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Measurement of Angular Distributions of Drell-Yan Dimuons in p + d Interaction at
800 GeV/c
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We report a measurement of the angular distributions of Drell-Yan dimuons produced using an
800 GeV/c proton beam on a deuterium target. The muon angular distributions in polar angle
! and azimuthal angle " have been measured over the kinematic range 4.5 < mµµ < 15 GeV/c2,
0 < pT < 4 GeV/c, and 0 < xF < 0.8. No significant cos2" dependence is found in these proton-
induced Drell-Yan data, in contrast to the situation for pion-induced Drell-Yan. The data are
compared with expectations from models which attribute the cos2" distribution to a QCD vacuum
e!ect or to the presence of the transverse-momentum-dependent Boer-Mulders structure function
h!

1 . Constraints on the magnitude of the sea-quark h!
1 structure functions are obtained.

PACS numbers: 13.85.Qk, 14.20.Dh, 24.85.+p, 13.88.+e

The Drell-Yan process [1], in which a charged lepton
pair is produced in a high-energy hadron-hadron interac-
tion via the qq̄ ! l+l! process, has been a testing ground
for perturbative QCD and a unique tool for probing par-
ton distributions of hadrons. The Drell-Yan production
cross sections can be well described by next-to-leading
order QCD calculations [2]. This provides a firm theo-
retical framework for using the Drell-Yan process to de-
termine the antiquark content of nucleons and nuclei [3],
as well as the quark distributions of pions, kaons, and
antiprotons [4].

Despite the success of perturbative QCD in describing
the Drell-Yan cross sections, it remains a challenge to un-
derstand the angular distributions of the Drell-Yan pro-
cess. Assuming dominance of the single-photon process,
a general expression for the Drell-Yan angular distribu-
tion is [5]

d!

d!
" 1 + " cos2 # + µ sin 2# cos$ +

%

2
sin2 # cos 2$, (1)

where # and $ denote the polar and azimuthal angle,
respectively, of the l+ in the dilepton rest frame. In
the “naive” Drell-Yan model, where the transverse mo-

mentum of the quark is ignored and no gluon emission
is considered, " = 1 and µ = % = 0 are obtained.
QCD e"ects [6] and non-zero intrinsic transverse mo-
mentum of the quarks [7] can both lead to " #= 1 and
µ, % #= 0. However, " and % should still satisfy the rela-
tion 1 $ " = 2% [5]. This so-called Lam-Tung relation,
obtained as a consequence of the spin-1/2 nature of the
quarks, is analogous to the Callan-Gross relation [8] in
Deep-Inelastic Scattering. While QCD e"ects can signif-
icantly modify the Callan-Gross relation, the Lam-Tung
relation is predicted to be largely una"ected by QCD
corrections [9].

The first measurement of the Drell-Yan angular dis-
tribution was performed by the NA10 Collaboration for
&! + W at 140, 194, and 286 GeV/c, with the highest
statistics at 194 GeV/c [10]. The cos 2$ angular depen-
dences showed a sizable %, increasing with dimuon trans-
verse momentum (pT ) and reaching a value of % 0.3 at
pT = 2.5 GeV/c (see Fig. 1). The observed behavior of %
could not be described by perturbative QCD calculations
which predict much smaller values of % [6]. The Fermilab
E615 Collaboration subsequently performed a measure-
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We report a measurement of the angular distributions of Drell-Yan dimuons produced using an
800 GeV/c proton beam on a deuterium target. The muon angular distributions in polar angle
! and azimuthal angle " have been measured over the kinematic range 4.5 < mµµ < 15 GeV/c2,
0 < pT < 4 GeV/c, and 0 < xF < 0.8. No significant cos2" dependence is found in these proton-
induced Drell-Yan data, in contrast to the situation for pion-induced Drell-Yan. The data are
compared with expectations from models which attribute the cos2" distribution to a QCD vacuum
e!ect or to the presence of the transverse-momentum-dependent Boer-Mulders structure function
h!

1 . Constraints on the magnitude of the sea-quark h!
1 structure functions are obtained.

PACS numbers: 13.85.Qk, 14.20.Dh, 24.85.+p, 13.88.+e

The Drell-Yan process [1], in which a charged lepton
pair is produced in a high-energy hadron-hadron interac-
tion via the qq̄ ! l+l! process, has been a testing ground
for perturbative QCD and a unique tool for probing par-
ton distributions of hadrons. The Drell-Yan production
cross sections can be well described by next-to-leading
order QCD calculations [2]. This provides a firm theo-
retical framework for using the Drell-Yan process to de-
termine the antiquark content of nucleons and nuclei [3],
as well as the quark distributions of pions, kaons, and
antiprotons [4].

Despite the success of perturbative QCD in describing
the Drell-Yan cross sections, it remains a challenge to un-
derstand the angular distributions of the Drell-Yan pro-
cess. Assuming dominance of the single-photon process,
a general expression for the Drell-Yan angular distribu-
tion is [5]

d!

d!
" 1 + " cos2 # + µ sin 2# cos$ +

%

2
sin2 # cos 2$, (1)

where # and $ denote the polar and azimuthal angle,
respectively, of the l+ in the dilepton rest frame. In
the “naive” Drell-Yan model, where the transverse mo-

mentum of the quark is ignored and no gluon emission
is considered, " = 1 and µ = % = 0 are obtained.
QCD e"ects [6] and non-zero intrinsic transverse mo-
mentum of the quarks [7] can both lead to " #= 1 and
µ, % #= 0. However, " and % should still satisfy the rela-
tion 1 $ " = 2% [5]. This so-called Lam-Tung relation,
obtained as a consequence of the spin-1/2 nature of the
quarks, is analogous to the Callan-Gross relation [8] in
Deep-Inelastic Scattering. While QCD e"ects can signif-
icantly modify the Callan-Gross relation, the Lam-Tung
relation is predicted to be largely una"ected by QCD
corrections [9].

The first measurement of the Drell-Yan angular dis-
tribution was performed by the NA10 Collaboration for
&! + W at 140, 194, and 286 GeV/c, with the highest
statistics at 194 GeV/c [10]. The cos 2$ angular depen-
dences showed a sizable %, increasing with dimuon trans-
verse momentum (pT ) and reaching a value of % 0.3 at
pT = 2.5 GeV/c (see Fig. 1). The observed behavior of %
could not be described by perturbative QCD calculations
which predict much smaller values of % [6]. The Fermilab
E615 Collaboration subsequently performed a measure-

3

TABLE I: Mean values of the !, µ, " parameters and the quan-
tity 2" ! (1 ! !) for three Drell-Yan measurements. The pT

dependence of these quantities is shown in Fig. 1.

p + d #! + W #! + W

800 GeV/c 194 GeV/c 252 GeV/c

(E866) (NA10) (E615)

"!# 1.07 ± 0.07 0.83 ± 0.04 1.17 ± 0.06

"µ# 0.003 ± 0.013 0.008 ± 0.010 0.09 ± 0.02

""# 0.027 ± 0.010 0.091 ± 0.009 0.169 ± 0.019

"2" ! (1 ! !)# 0.12 ± 0.07 0.01 ± 0.04 0.51 ± 0.07

Several settings of the currents in the three dipole mag-
nets (SM0, SM12, SM3) were used in order to optimize
acceptance for di!erent dimuon mass regions. Data col-
lected with the “low mass” and “high mass” settings [26]
on liquid deuterium and empty targets were used in this
analysis. The detector system consisted of four track-
ing stations and a momentum analyzing magnet (SM3).
Tracks reconstructed by the drift chambers were extrapo-
lated to the target using the momentum determined from
the bend angle in SM3. The target position was used to
refine the parameters of each muon track.

From the momenta of the µ+ and µ!, kinematic vari-
ables of the dimuons (xF , mµµ, pT ) were readily recon-
structed. The muon angles ! and " in the Collins-Soper
frame [27] were also calculated. To remove the quarko-
nium background, only events with 4.5 < mµµ < 9
GeV/c2 or mµµ > 10.7 GeV/c2 were analyzed. A total
of 118,000 p + d Drell-Yan events covering the decay an-
gular range !0.5 < cos ! < 0.5 and !# < " < # remain.
Detailed Monte-Carlo simulations for the experiment us-
ing the MRST98 parton distribution functions [28] for
NLO Drell-Yan cross sections have shown good agree-
ments with the data for a variety of measured quantities.

Figure 1 shows the angular distribution parameters
$, µ, and % vs. pT . To extract these parameters, the
Drell-Yan data were grouped into 5 bins in cos ! and 8
bins in " for each pT bin. A least-squares fit to the data
using Eq. 1 to describe the angular distribution was per-
formed. Only statistical errors are shown in Fig. 1. The
primary contributions to the systematic errors are the
uncertainties of the incident beam angles on target. The
analysis has been performed allowing the beam angles to
vary within their ranges of uncertainty. From this study,
we found that the systematic errors are comparable to the
statistical errors for each individual pT bin. However, the
pT averaged values "$#, "µ#, and "%#, are dominatd by the
statistical errors.

For comparison with the p + d Drell-Yan data, the
NA10 #! +W data at 194 GeV/c and the E615 #! +W
data at 252 GeV/c are also shown in Fig. 1. To test the
validity of the Lam-Tung relation, also shown in Fig. 1
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FIG. 2: Parameter " vs. pT in the Collins-Soper frame for
three Drell-Yan measurements. Fits to the data using Eq. 3
and MC = 2.4 GeV/c2 are also shown.

is the quantity, 2% ! (1 ! $), for all three experiments.
For p + d at 800 GeV/c, Fig. 1 shows that $ is consis-
tent with 1, in agreement with previous studies [3, 25],
while µ and % deviate only slightly from zero. This is in
contrast to the pion-induced Drell-Yan results, in which
much larger values of % are found. Table I lists the mean
values of $, µ, % and 2% ! (1 ! $) for these three experi-
ments. Again, the qualitatively di!erent behavior of the
azimuthal angular distributions for p + d versus #! + W
is evident. It is also interesting to note that while E615
clearly establishes the violation of the Lam-Tung rela-
tion, the NA10 and the p + d data are largely consistent
with the Lam-Tung relation.

In an attempt to extract information on the magnitude
of the h"

1 function from the NA10 data, Boer [17] as-
sumed that h"

1 is proportional to the spin-averaged par-
ton distribution function f1:

h"
1 (x, k2

T ) = CH
&T

#

MCMH

k2
T + M2

C

e!!T k2

T f1(x), (2)

where kT is the quark transverse momentum, MH is the
mass of the hadron H (pion or nucleon), and MC and
CH are constant fitting parameters. A Gaussian trans-
verse momentum dependence of e!!T k2

T with &T = 1
(GeV/c)!2 was assumed. The cos 2" dependence then
results from the convolution of the pion h"

1 /f1 term with
the nucleon h"

1 /f1 term, and the parameter % is given as

% = 16'1

p2
T M2

C

(p2
T + 4M2

C)2
, (3)

where '1 = CH1
CH2

/2, and H1, H2 denote the two inter-
acting hadrons. As shown in Fig. 2, a good description
of the NA10 data is obtained with '1 = 0.47 ± 0.14 and
MC = 2.4 ± 0.5 GeV/c2. A fit to the E615 % data at
252 GeV/c using MC = 2.4 GeV/c2, also shown in Fig.

3

TABLE I: Mean values of the !, µ, " parameters and the quan-
tity 2" ! (1 ! !) for three Drell-Yan measurements. The pT

dependence of these quantities is shown in Fig. 1.

p + d #! + W #! + W

800 GeV/c 194 GeV/c 252 GeV/c

(E866) (NA10) (E615)

"!# 1.07 ± 0.07 0.83 ± 0.04 1.17 ± 0.06

"µ# 0.003 ± 0.013 0.008 ± 0.010 0.09 ± 0.02

""# 0.027 ± 0.010 0.091 ± 0.009 0.169 ± 0.019

"2" ! (1 ! !)# 0.12 ± 0.07 0.01 ± 0.04 0.51 ± 0.07

Several settings of the currents in the three dipole mag-
nets (SM0, SM12, SM3) were used in order to optimize
acceptance for di!erent dimuon mass regions. Data col-
lected with the “low mass” and “high mass” settings [26]
on liquid deuterium and empty targets were used in this
analysis. The detector system consisted of four track-
ing stations and a momentum analyzing magnet (SM3).
Tracks reconstructed by the drift chambers were extrapo-
lated to the target using the momentum determined from
the bend angle in SM3. The target position was used to
refine the parameters of each muon track.

From the momenta of the µ+ and µ!, kinematic vari-
ables of the dimuons (xF , mµµ, pT ) were readily recon-
structed. The muon angles ! and " in the Collins-Soper
frame [27] were also calculated. To remove the quarko-
nium background, only events with 4.5 < mµµ < 9
GeV/c2 or mµµ > 10.7 GeV/c2 were analyzed. A total
of 118,000 p + d Drell-Yan events covering the decay an-
gular range !0.5 < cos ! < 0.5 and !# < " < # remain.
Detailed Monte-Carlo simulations for the experiment us-
ing the MRST98 parton distribution functions [28] for
NLO Drell-Yan cross sections have shown good agree-
ments with the data for a variety of measured quantities.

Figure 1 shows the angular distribution parameters
$, µ, and % vs. pT . To extract these parameters, the
Drell-Yan data were grouped into 5 bins in cos ! and 8
bins in " for each pT bin. A least-squares fit to the data
using Eq. 1 to describe the angular distribution was per-
formed. Only statistical errors are shown in Fig. 1. The
primary contributions to the systematic errors are the
uncertainties of the incident beam angles on target. The
analysis has been performed allowing the beam angles to
vary within their ranges of uncertainty. From this study,
we found that the systematic errors are comparable to the
statistical errors for each individual pT bin. However, the
pT averaged values "$#, "µ#, and "%#, are dominatd by the
statistical errors.

For comparison with the p + d Drell-Yan data, the
NA10 #! +W data at 194 GeV/c and the E615 #! +W
data at 252 GeV/c are also shown in Fig. 1. To test the
validity of the Lam-Tung relation, also shown in Fig. 1
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π
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-
 + W at 252 GeV/c

p + d at 800 GeV/c

FIG. 2: Parameter " vs. pT in the Collins-Soper frame for
three Drell-Yan measurements. Fits to the data using Eq. 3
and MC = 2.4 GeV/c2 are also shown.

is the quantity, 2% ! (1 ! $), for all three experiments.
For p + d at 800 GeV/c, Fig. 1 shows that $ is consis-
tent with 1, in agreement with previous studies [3, 25],
while µ and % deviate only slightly from zero. This is in
contrast to the pion-induced Drell-Yan results, in which
much larger values of % are found. Table I lists the mean
values of $, µ, % and 2% ! (1 ! $) for these three experi-
ments. Again, the qualitatively di!erent behavior of the
azimuthal angular distributions for p + d versus #! + W
is evident. It is also interesting to note that while E615
clearly establishes the violation of the Lam-Tung rela-
tion, the NA10 and the p + d data are largely consistent
with the Lam-Tung relation.

In an attempt to extract information on the magnitude
of the h"

1 function from the NA10 data, Boer [17] as-
sumed that h"

1 is proportional to the spin-averaged par-
ton distribution function f1:

h"
1 (x, k2

T ) = CH
&T

#

MCMH

k2
T + M2

C

e!!T k2

T f1(x), (2)

where kT is the quark transverse momentum, MH is the
mass of the hadron H (pion or nucleon), and MC and
CH are constant fitting parameters. A Gaussian trans-
verse momentum dependence of e!!T k2

T with &T = 1
(GeV/c)!2 was assumed. The cos 2" dependence then
results from the convolution of the pion h"

1 /f1 term with
the nucleon h"

1 /f1 term, and the parameter % is given as

% = 16'1

p2
T M2

C

(p2
T + 4M2

C)2
, (3)

where '1 = CH1
CH2

/2, and H1, H2 denote the two inter-
acting hadrons. As shown in Fig. 2, a good description
of the NA10 data is obtained with '1 = 0.47 ± 0.14 and
MC = 2.4 ± 0.5 GeV/c2. A fit to the E615 % data at
252 GeV/c using MC = 2.4 GeV/c2, also shown in Fig.

Huge E�ect in
⇥W � µ+µ�X
Negligible E�ect in
pd� µ+µ�X
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ANOMALOUS DRELL-YAN ASYMMETRY FROM

HADRONIC OR QCD VACUUM EFFECTS !

DANIËL BOER

Dept. of Physics and Astronomy,
Vrije Universiteit Amsterdam,

De Boelelaan 1081, 1081 HV Amsterdam,
The Netherlands

E-mail: D.Boer@few.vu.nl

The anomalously large cos(2!) asymmetry measured in the Drell-Yan process is
discussed. Possible origins of this large deviation from the Lam-Tung relation are
considered with emphasis on the comparison of two particular proposals: one that
suggests it arises from a QCD vacuum e!ect and one that suggests it is a hadronic
e!ect. Experimental signatures distinguishing these e!ects are discussed.

1. Introduction

Azimuthal asymmetries in the unpolarized Drell-Yan (DY) process di!er-
ential cross section arise only in the following way

1

!

d!

d"
!

!

1 + " cos2 # + µ sin 2# cos$ +
%

2
sin2 # cos 2$

"

, (1)

where $ is the angle between the lepton and hadron planes in the lepton
center of mass frame (see Fig. 3 of Ref.1). In the parton model (order &0

s)
quark-antiquark annihilation yields " = 1, µ = % = 0. The leading order
(LO) perturbative QCD corrections (order &1

s) lead to µ "= 0, % "= 0 and
" "= 1, such that the so-called Lam-Tung relation 1 # " # 2% = 0 holds.
Beyond LO, small deviations from the Lam-Tung relation will arise. If one
defines the quantity ' $ # 1

4 (1 # " # 2%) as a measure of the deviation

from the Lam-Tung relation, it has been calculated2,3 that at order &2
s '

is small and negative: #' <
% 0.01, for values of the muon pair’s transverse

momentum QT of up to 3 GeV/c.
Surprisingly, the data is incompatible with the Lam-Tung relation and

with its small order-&2
s modification as well3. These data from CERN’s

NA10 Collaboration4,5 and Fermilab’s E615 Collaboration6 are for (!N &
µ+µ!X , with N = D and W . The (!-beam energies range from 140 GeV

!Talk presented at the International Workshop on Transverse Polarization Phenomena
in Hard Processes (Transversity 2005), Villa Olmo, Como, Italy, September 7-10, 2005
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4

Nachtmann & Mirkes3 demonstrated that the diagonal elements H11 and
H22 can give rise to a deviation from the Lam-Tung relation:

! ! "
1

4
(1 " " " 2#) #

!

H22 " H11

1 + H33

"

. (5)

A simple assumption for the transverse momentum dependence of (H22 "
H11)/(1 + H33) produced a good fit to the data:

! = !0
Q4

T

Q4
T + m4

T

, with !0 = 0.17 and mT = 1.5 GeV. (6)

Note that for this Ansatz ! approaches a constant value (!0) for large QT .
In other words, the vacuum e!ect could persist out to large values of QT .
The Q2 dependence of the vacuum e!ect is not known, but there is also no
reason to assume that the spin correlation due to the QCD vacuum e!ect
has to decrease with increasing Q2.

3. Explanation as a hadronic e!ect

Usually if one assumes that factorization of soft and hard energy scales in
a hard scattering process occurs, one implicitly also assumes factorization
of the spin density matrix. In the present section this will indeed be as-
sumed, but another common assumption will be dropped, namely that of
collinear factorization. It will be investigated what happens if one allows for
transverse momentum dependent parton distributions (TMDs). The spin
density matrix of a noncollinear quark inside an unpolarized hadron can
be nontrivial. In other words, the transverse polarization of a noncollinear
quark inside an unpolarized hadron in principle can have a preferred direc-
tion and the TMD describing that situation is called h!

1
10. As pointed out

in Ref.1 nonzero h!
1 leads to a deviation from Lam-Tung relation. It o!ers

a parton model explanation of the DY data (i.e. with " = 1 and µ = 0):
! = !

2 $ h!
1 ($)h!

1 (N) . In this way a good fit to data was obtained
by assuming Gaussian transverse momentum dependence. The reason for
this choice of transverse momentum dependence is that in order to be con-
sistent with the factorization of the cross section in terms of TMDs, the
transverse momentum of partons should not introduce another large scale.
Therefore, explaining the Lam-Tung relation within this framework neces-
sarily implies that ! = !

2 % 0 for large QT . This o!ers a possible way to
distinguish between the hadronic e!ect and the QCD vacuum e!ect.

It may be good to mention that not only a fit of h!
1 to data has been

made (under certain assumptions), also several model calculations of h!
1

5

and some of its resulting asymmetries have been performed11,12,13, based
on the recent insight that T-odd TMDs like h!

1 arise from the gauge link.
In order to see the parton model expectation ! = !

2 ! 0 at large QT in
the data, one has to keep in mind that the pQCD contributions (that grow
as QT increases) will have to be subtracted. For ! perturbative corrections
arise at order "2

s, but for # already at order "s. To be specific, at large QT

hard gluon radiation (to first order in "s) gives rise to14

#(QT ) =
Q2

T

Q2 + 3
2Q2

T

. (7)

Due to this growing large-QT perturbative contribution the fall-o! of the
h!

1 contribution will not be visible directly from the behavior of # at large
QT . Therefore, in order to use # as function of QT to di!erentiate between
e!ects, it is necessary to subtract the calculable pQCD contributions. In
Fig. 3 an illustration of this point is given. The dashed curve corresponds

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 1 2 3 4 5 6 7 8
QT

Figure 3. Impression of possible contributions to ! as function of QT compared to DY
data of NA10 (for Q = 8 GeV). Dashed curve: contribution from perturbative one-gluon
radiation. Dotted curve: contribution from a nonzero h!

1 . Solid curve: their sum.

to the contribution of Eq. (7) at Q = 8 GeV. The dotted line is a pos-
sible, parton model level, contribution from h!

1 with Gaussian transverse
momentum dependence. Together these contributions yield the solid curve
(although strictly speaking it is not the case that one can simply add them,
since one is a noncollinear parton model contribution expected to be valid
for small QT and the other is an order-"s result within collinear factor-
ization expected to be valid at large QT ). The data are from the NA10
Collaboration for a pion beam energy of 194 GeV/c 5.

The Q2 dependence of the h!
1 contribution is not known to date. Only

the e!ect of resummation of soft gluon radiation on the h!
1 contribution to

function. Here we do not intend to give a full demonstration

of this in the Drell-Yan process; a generalized factorization

theorem which includes transverse momentum dependent

functions and initial- or final-state interactions remains to be

proven !27". Instead we present how to arrive at an effective

# from initial- and/or final-state interactions and use this

effective # in Fig. 2. Also, for simplicity we will perform

the explicit calculation in QED. Our analysis can be gener-

alized to the corresponding calculation in QCD. The final-

state interaction from gluon exchange has the strength

!e1e2!/4$!CF%s(&
2), where ei are the photon couplings to

the quark and diquark.

The diagram in Fig. 3 coincides with Fig. 6'a( of Ref. !28"
used for the evaluation of a twist-4 contribution ()1/Q2) to

the unpolarized Drell-Yan cross section. The differences

compared to Ref. !28" are that in the present case there is

nonzero transverse momentum of the partons, and the as-

sumption that the matrix elements are nonvanishing in case

the gluon has a vanishing light-cone momentum fraction 'but

nonzero transverse momentum(. This results in an unsup-

pressed asymmetry which is a function of the transverse mo-

mentum Q! of the lepton pair with respect to the initial

hadrons. If this transverse momentum is integrated over, then

the unsuppressed asymmetry will average to zero and the

diagrams will only contribute at order 1/Q2 as in Ref. !28".

First we will calculate the # matrix to lowest order

'called #L
%*) in the quark-scalar diquark model which was

used in Ref. !7". 'Although the model is based on a point-like

coupling of a scalar diquark to elementary fermions, it can be

softened to simulate a hadronic bound state by differentiating

the wave function formally with respect to a parameter such

as the proton mass.( As indicated earlier, no nonzero f 1T
! and

h1
! will arise from #L

%* . Next we will include an additional

gluon exchange to model the initial- and/or final-state inter-

actions 'relevant for timelike or spacelike processes( to cal-

culate # I/F
%* and do obtain nonzero values for f 1T

! and h1
! .

Our results agree with those recently obtained in the same

model by Goldstein and Gamberg !12". We can then obtain

an expression for the cos 2+ asymmetry from Eq. '16( and

perform a numerical estimation of the asymmetry.

A. ! matrix in the lowest order „!L
"#…

As indicated in Fig. 4 the initial proton has its momentum

given by P&!(P",P#,P!)!(P",M 2/P" ,0!), and the fi-

nal diquark P!&!(P!",P!#,P!! )!„P"(1#,),(-2

"r!
2 )/P"(1#,),r!…. We use the convention a$!a0$a3,

a•b!1/2 (a"b#"a#b")#a!•b! .

We will first calculate the # matrix to lowest order (#L
%*)

in the quark-scalar diquark model used in Ref. !7". By cal-

culation of Fig. 4 one readily obtains

#L
%*!ag2" ū'P ,S (

r”"m

r2#m2#*" r”"m

r2#m2
u'P ,S (#%

1

P"'1#,(

!ag2! ū'P ,S ('r”"m ("*!'r”"m (u'P ,S ("%
1

P"'1#,(

%$ 1

,$ M 2#
m2"r!

2

,
#

-2"r!
2

1#, % % 2

, '17(

with a constant a!1/!2(2$)3" . The normalization is fixed

by the condition

& d,d2r! f 1', ,r!(!1. '18(

In Eq. '17( we used the relation

FIG. 2. The leading-order contribution to the Drell-Yan process.

FIG. 3. The initial-state interaction contribution to the Drell-Yan

process.

FIG. 4. Diagram which gives the lowest order # 'called #L
%*).

BOER, BRODSKY, AND HWANG PHYSICAL REVIEW D 67, 054003 '2003(

054003-4

Double Initial-State Interactions 
generate anomalous  

the differential cross section is written as

1

!

d!

d"
!

3

4#

1

$"3

#! 1"$ cos2%"& sin2% cos '"
(

2
sin2% cos 2' " .

)1*

These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not

satisfied by the experimental data ,13,14-. The Drell-Yan

data show remarkably large values of ( , reaching values of

about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These

large values of ( are not compatible with $+1 as also seen

in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger

and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-

eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .

In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized

approach ,23- involving the chiral-odd partner of the Sivers

effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos ' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos ' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.

We compute the function h1
!(x ,p!

2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model

for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even* Sivers effect

function f 1T
! (x ,p!

2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC* should both be able to investigate azimuthal

asymmetries such as the cos 2' dependence. Since polarized

proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp!!!̄X )measurable

at RHIC* is smaller than for the process #$N!&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄!!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2!!!̄X *

d"dx1dx2d2q!

!
.2

3Q2 0
a , ā

ea
2# A)y *F , f 1 f̄ 1-

"B)y *cos)2'*F $ )2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin ' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.
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Drell-Yan planar correlations

Double ISI

Hard gluon radiation

⇥(QT )

Q = 8GeV

Conformal behavior: Q4F1(Q2)⇥ const

Conformal behavior: Q2F⇤(Q2)⇥ const

�s(Q2) ⇤ constant at small Q2.

Q4F1(Q2) ⇤ constant

If �s(Q�2) ⇤ constant

⇥(QT )

Q = 8GeV

Conformal behavior: Q4F1(Q2)⇥ const

Conformal behavior: Q2F⇤(Q2)⇥ const

�s(Q2) ⇤ constant at small Q2.

Q4F1(Q2) ⇤ constant

If �s(Q�2) ⇤ constant

⇤(QT )

Q = 8GeV

⌅N ⇥ µ+µ�X NA10

Conformal behavior: Q4F1(Q2)⇥ const

Conformal behavior: Q2F⌅(Q2)⇥ const

�s(Q2) ⇤ constant at small Q2.

Q4F1(Q2) ⇤ constant

Violates Lam-Tung relation!

Boer, Hwang, sjb
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ANOMALOUS DRELL-YAN ASYMMETRY FROM

HADRONIC OR QCD VACUUM EFFECTS !
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The anomalously large cos(2!) asymmetry measured in the Drell-Yan process is
discussed. Possible origins of this large deviation from the Lam-Tung relation are
considered with emphasis on the comparison of two particular proposals: one that
suggests it arises from a QCD vacuum e!ect and one that suggests it is a hadronic
e!ect. Experimental signatures distinguishing these e!ects are discussed.

1. Introduction

Azimuthal asymmetries in the unpolarized Drell-Yan (DY) process di!er-
ential cross section arise only in the following way

1

!

d!

d"
!

!

1 + " cos2 # + µ sin 2# cos$ +
%

2
sin2 # cos 2$

"

, (1)

where $ is the angle between the lepton and hadron planes in the lepton
center of mass frame (see Fig. 3 of Ref.1). In the parton model (order &0

s)
quark-antiquark annihilation yields " = 1, µ = % = 0. The leading order
(LO) perturbative QCD corrections (order &1

s) lead to µ "= 0, % "= 0 and
" "= 1, such that the so-called Lam-Tung relation 1 # " # 2% = 0 holds.
Beyond LO, small deviations from the Lam-Tung relation will arise. If one
defines the quantity ' $ # 1

4 (1 # " # 2%) as a measure of the deviation

from the Lam-Tung relation, it has been calculated2,3 that at order &2
s '

is small and negative: #' <
% 0.01, for values of the muon pair’s transverse

momentum QT of up to 3 GeV/c.
Surprisingly, the data is incompatible with the Lam-Tung relation and

with its small order-&2
s modification as well3. These data from CERN’s

NA10 Collaboration4,5 and Fermilab’s E615 Collaboration6 are for (!N &
µ+µ!X , with N = D and W . The (!-beam energies range from 140 GeV

!Talk presented at the International Workshop on Transverse Polarization Phenomena
in Hard Processes (Transversity 2005), Villa Olmo, Como, Italy, September 7-10, 2005
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 DY               correlation at leading twist from double ISI

the differential cross section is written as

1

!

d!

d"
!

3

4#

1

$"3

#! 1"$ cos2%"& sin2% cos '"
(

2
sin2% cos 2' " .

)1*

These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not

satisfied by the experimental data ,13,14-. The Drell-Yan

data show remarkably large values of ( , reaching values of

about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These

large values of ( are not compatible with $+1 as also seen

in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger

and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-

eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .

In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized

approach ,23- involving the chiral-odd partner of the Sivers

effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos ' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos ' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.

We compute the function h1
!(x ,p!

2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model

for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even* Sivers effect

function f 1T
! (x ,p!

2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC* should both be able to investigate azimuthal

asymmetries such as the cos 2' dependence. Since polarized

proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp!!!̄X )measurable

at RHIC* is smaller than for the process #$N!&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄!!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2!!!̄X *

d"dx1dx2d2q!

!
.2

3Q2 0
a , ā

ea
2# A)y *F , f 1 f̄ 1-

"B)y *cos)2'*F $ )2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin ' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.
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We show that initial-state interactions contribute to the cos 2# distribution in unpolarized Drell-Yan lepton

pair production pp and pp̄!!!!"X , without suppression. The asymmetry is expressed as a product of

chiral-odd distributions h1
!(x1 ,p!

2 )# h̄1
!(x2 ,k!

2 ), where the quark-transversity function h1
!(x ,p!

2 ) is the trans-

verse momentum dependent, light-cone momentum distribution of transversely polarized quarks in an unpo-

larized proton. We compute this !naive" T-odd and chiral-odd distribution function and the resulting cos 2#
asymmetry explicitly in a quark-scalar diquark model for the proton with initial-state gluon interaction. In this

model the function h1
!(x ,p!

2 ) equals the T-odd !chiral-even" Sivers effect function f 1T
! (x ,p!

2 ). This suggests

that the single-spin asymmetries in the semi-inclusive deep inelastic scattering and the Drell-Yan process are

closely related to the cos 2# asymmetry of the unpolarized Drell-Yan process, since all can arise from the same

underlying mechanism. This provides new insight regarding the role of the quark and gluon orbital angular

momentum as well as that of initial- and final-state gluon exchange interactions in hard QCD processes.

DOI: 10.1103/PhysRevD.67.054003 PACS number!s": 12.38.Bx, 13.85.Qk, 13.88.!e

I. INTRODUCTION

Single-spin asymmetries in hadronic reactions have been

among the most challenging phenomena to understand from

basic principles in QCD. Several such asymmetries have

been observed experimentally, and a number of theoretical

mechanisms have been suggested $1–6%. Recently, a new

way of producing single-spin asymmetries in semi-inclusive

deep inelastic scattering !SIDIS" and the Drell-Yan process

has been put forward $7,8%. It was shown that the exchange

of a gluon, viewed as initial- or final-state interactions, could

produce the necessary phase leading to a single transverse

spin asymmetry. The main new feature is that, despite the

presence of an additional gluon, this asymmetry occurs with-

out suppression by a large energy scale appearing in the pro-

cess under consideration. It has been recognized since then

$9% that this mechanism can be viewed as the so-called Sivers

effect $1,10%, which was thought to be forbidden by time-

reversal invariance $4%. Apart from generating Sivers effect

asymmetries, the mechanism offers new insight regarding the

role of orbital angular momentum of quarks in a hadron and

their spin-orbit couplings; in fact, the same S•! L! matrix ele-

ments enter the anomalous magnetic moment of the proton

$7%. The new mechanism for single target-spin asymmetries

in SIDIS necessarily requires noncollinear quarks and glu-

ons, and in the Sivers asymmetry the quarks carry no polar-

ization on average. As such it is very different from mecha-

nisms involving transversity !often denoted by h1 or &q),

which correlates the spin of the transversely polarized hadron

with the transverse polarization of its quarks.

In further contrast, the exchange of a gluon can also lead

to transversity of quarks inside an unpolarized hadron. This

chiral-odd partner of the Sivers effect has been discussed in

Refs. $6,11%, and in this paper we will show explicitly how

initial-state interactions generate this effect. Goldstein and

Gamberg reported recently that h1
!(x ,p!

2 ) is proportional to

f 1T
! (x ,p!

2 ) in the quark-scalar diquark model $12%. We con-

firm this and find that these two distribution functions are in

fact equal in this model. Although this property is not ex-

pected to be satisfied in general, nevertheless, one may ex-

pect these functions to be comparable in magnitude, since

both functions can be generated by the same mechanism. We

investigate the consequences of the present model result for

the unpolarized Drell-Yan process. We obtain an expression

for the cos 2# asymmetry in the lepton pair angular distribu-

tion. Here # is the angle between the lepton plane and the

plane of the incident hadrons in the lepton pair center of

mass. This asymmetry was measured a long time ago $13,14%
and was found to be large. Several theoretical explanations

!some of which will be briefly discussed below" have been

put forward, but we will show that a natural explanation can

come from initial-state interactions which are unsuppressed

by the invariant mass of the lepton pair.

II. THE UNPOLARIZED DRELL-YAN PROCESS

The unpolarized Drell-Yan process cross section has been

measured in pion-nucleon scattering: '"N!(!("X , with

N deuterium or tungsten and a '" beam with energy of 140,

194, 286 GeV $13% and 252 GeV $14%. Conventionally

*Email address: dboer@nat.vu.nl
†Email address: sjbth@slac.stanford.edu
‡Email address: dshwang@sejong.ac.kr
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Stellar Evolution

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
102

• Square of Target LFWFs                 Modified by Rescattering: ISI & FSI

• No Wilson Line                             Contains Wilson Line, Phases

• Probability Distributions                 No Probabilistic Interpretation

• Process-Independent                      Process-Dependent - From Collision

• T-even Observables                        T-Odd (Sivers, Boer-Mulders, etc.)

• No Shadowing,  Anti-Shadowing      Shadowing,  Anti-Shadowing, Saturation

• Sum Rules: Momentum and Jz               Sum Rules Not Proven

• DGLAP Evolution; mod. at large x   DGLAP Evolution

• No Diffractive DIS                         Hard Pomeron and Odderon Diffractive DIS

Static                           Dynamic

General remarks about orbital angular mo-
mentum

�n(xi,⇥k�i, �i)

�n
i=1(xi

⇥R�+⇥b�i) = ⇥R�

xi
⇥R�+⇥b�i

�n
i
⇥b�i = ⇥0�

�n
i xi = 1

2

11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

!*

e– 

quark



University of  Vienna, 
October 18, 2012 Parallels: Hadronic & Atomic Physics

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

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

Media Contact

Office of Communications

Stanford Linear Accelerator Center

2575 Sand Hill Road, MS 58

Menlo Park, CA 94025

Director of Communications

Rob Brown

(650) 926-8703 (phone)

(650) 926-5379 (fax)

robbrown@slac.stanford.edu

General Inquiries

communications@slac.stanford.edu

Images

Interactions.org

Lightsources.org

News Resources

Press Releases

About SLAC

SLAC Today

symmetry Magazine

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

Privacy Statement - Page Contact

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

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

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases

 

SLAC WEB  PEOPLE 

Search

HOME RESEARCH SCIENTIFIC PROGRAMS USER FACILITIES CAREERS PRESS CONTACT

About SLAC

Overview

Mission and Vision

Organization

Community Outreach

Education Programs

Public Lectures

Virtual Visitors Center

Visiting SLAC

Maps & Directions

Stanford Guest House

SLAC Staff & Users

Staff Resources

Research Resources

User Resources

Safety

Site Index

Stan Brodsky
103

u

P

P
– 

P
– 

u– 

u– 
u– 

u– 

u

d

d
– 

11-2003 
8680A8

e+

e– 

!*

u

K
– 0

s

d
– 

d
– 

"+

u
d

s– 

de+

e– 

!*

What if we ask for a specific final state?

Exclusive Processes
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Quark counting for 3 quarks in proton
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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...

» 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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FIG. 3. The scaled di!erential cross section s7 d!
dt versus center-of-mass energy for the

!p ! "+n at #cm = 90!. The data from JLab E94-104 are shown as solid circles. The er-
ror bars for the new data and for the Anderson et al. data [1], include statistical and systematic
uncertainties. Other data sets [26,27] are shown with only statistical errors. The open squares
in the lower plot were averaged from data at #cm = 85! and 95! [28]. The solid line was obtained
from the recent partial-wave analysis of single-pion photoproduction data [29] up to E"=2 GeV,
while the dashed line from the MAID analysis [30] up to E"=1.25 GeV.

10

Test of Scaling Laws

PQCD and AdS/CFT:

sntot�2dσ
dt

(A+B!C +D) =
FA+B!C+D(θCM)

s7dσ
dt

(γp! π+n) = F(θCM)
ntot = 1+3+2+3 = 9

s7dσ/dt(γp! π+n)⇠ const

f ixed θCM scaling

Conformal invariance at high  momentum transfers!

Constituent counting rules Brodsky and Farrar, Phys. Rev. Lett. 31 (1973) 1153 
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719 
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Fig. 2.1.6. K~pscattering at 90°in the cm.

This factorization is indicated more clearly in fig. 2.1.8 where the pp cross section data at differ-

ent energies normalized to the 90°cross section are plotted as a function of cos 0. It is interesting

to investigate possible corrections to eq. (2.1 .2) but we will defer this until we can discuss the im-

plications of various possible models for the cross section.

The systematics of differential cross section measurements are important but ifwe are to deduce

amplitude structure for the various processes it is necessary to have more information. Polarization

measurements are obviously important but, because of the small counting rates, there have been
very few polarization experiments extending to large angles. The data of Abshire et al. [2] include

polarization measurements for pp elastic scattering out to t = —6 GeV2. This data is shown com-
bined with some small-i’ polarization measurements in fig. 2.1.9. Two features are notable. The

polarization does not vanish at large t at this energy and there is evidence for some structure,

perhaps double zeros at t ~ —1, —2.5, —4GeV2. We can conclude that a single spin amplitude

does not dominate in this range of momentum transfer and that the different amplitudes have

potentially complicated behavior at large momentum transfer.

Another type of structure which may be important at large t consists of rapid fluctuations of
amplitudes with energy or with angle. This behavior, known as Ericson Fluctuations [113], is

familiar in nuclear physics. Experiments designed to look for Ericson fluctuations in pp elastic
scattering have not reported any evidence for the phenomenon. Allaby et al. [51 examined pp -~ pp
at 16.9 GeV/c over a range of angles and Akerlof et al. [3] looked at °CM= 90°over a range of
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Conformal QCD Window in Exclusive Processes

• Does �s develop an IR fixed point? Dyson–Schwinger Equation Alkofer, Fischer, LLanes-Estrada,

Deur . . .

• Recent lattice simulations: evidence that �s becomes constant and is not small in the infrared

Furui and Nakajima, hep-lat/0612009 (Green dashed curve: DSE).

• Phenomenological success of dimensional scaling laws for exclusive processes

d⇥/dt ⇥ 1/sn�2, n = nA + nB + nC + nD,

implies QCD is a strongly coupled conformal theory at moderate but not asymptotic energies

Farrar and sjb (1973); Matveev et al. (1973).

• Derivation of counting rules for gauge theories with mass gap dual to string theories in warped space

(hard behavior instead of soft behavior characteristic of strings) Polchinski and Strassler (2001).
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FIG. 3: Pion form factor as extracted in this work. Also
shown are e!! elastic data from CERN, and earlier pion elec-
troproduction data from DESY and Je!erson Lab. The ear-
lier Je!erson Lab data are taken from reference [9]. The data
point at Q2 = 1.60 GeV2 from [9] has been shifted from its
central value for visual representation. The curves are from a
Dyson-Schwinger equation (solid, [17]), QCD sum rules (dot-
ted, [14]), dispersion relations with QCD constraint (dashed,
[15]), and from a pQCD calculation (dashed-dotted, [18]).

inance the longitudinal !!/!+ ratios in 2H were exam-
ined. Since the pole term is purely isovector this ratio is
expected to be close to unity and a significant deviation
from unity would indicate the presence of an isoscalar
background. The preliminary analysis of the longitudi-
nal !!/!+ ratios is consistent with unity.

In Figure 3, our results are shown along with re-
sults from CERN, DESY, earlier Je!erson Lab data, and
some representative calculations. Comparing the result
at Q2 = 1.60 GeV2 to the earlier Je!erson Lab data
point at a lower value of W allows for a direct test of the
theoretical model dependence. A higher value of W al-
lows for a measurement at smaller values of !t, at closer
proximity to the pion pole. The data are consistent with
the previous Je!erson Lab F! measurement at a value of
Q2 = 1.60 GeV2 and suggest a small model uncertainty
due to fitting the VGL model to the data. The data in-
dicate a one sigma deviation from a monopole form fac-
tor that yields the measured charge radius. That form
factor is up to Q2=2.5 GeV2 indistinguishable from the
solid curve in Figure 3. Various models provide a good
description of the measured values for F! up to Q2=1.60
GeV2. The data are well described by the calculation of
Nesterenko and Radyushkin [14], in which a QCD sum
rule framework for the soft contribution to F! as well as
an asymptotically dominant hard gluon exchange term
is used. The dispersion relation calculation by Geshken-

bein [15] also agrees well with the data. The data are
also reasonably well described by the Dyson-Schwinger
calculation by Maris and Tandy, which is based on the
Bethe-Salpeter equation with dressed quark and gluon
propagators. All parameters in the latter calculation are
determined without the use of F! data [16, 17]. Perturba-
tive QCD calculations of which one is shown in Figure 3
give values of Q2F! around 0.10 GeV2 in the region of
our measurements.

In summary, we have measured separated 1H(e,e"!+)n
cross sections at values of Q2=1.60 and 2.45 GeV2 at
W=2.22 GeV. The charged pion form factor was ex-
tracted from the separated longitudinal cross section us-
ing a Regge model. The data are consistent with the
previous Je!erson Lab result at Q2 = 1.60 GeV2. The
data deviate by one sigma from a monopole form factor
obeying the measured charge radius, but are still far from
the values expected from pQCD calculations.
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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

August 26, 2008

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

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

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

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

PQCD and AdS/CFT:

sntot�2dσ
dt

(A+B!C +D) =
FA+B!C+D(θCM)

s11dσ
dt

(γd! np) = F(θCM)

ntot�2 =
(1 + 6 + 3+ 3 ) - 2 = 11

Reflects conformal invariance 

J-Lab
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• Remarkable Test of Quark Counting Rules

• Deuteron Photo-Disintegration γd → np 

•

�d⇥ np

d⇥
dt = F (t/s)

sntot�2

ntot = 1 + 6 + 3 + 3 = 13

�d⇥ np

d⇥
dt = F (t/s)

sntot�2

ntot = 1 + 6 + 3 + 3 = 13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

Hidden color: d⌅

dt
(⇥d⇤�++��) ⌅

d⌅

dt
(⇥d⇤ pn)

at high pT

M =
Z Y

dxidyi⇧F (x, Q̃)⇥TH(xi, yi, Q̃)⇧I(yi, Q̃)

t = m2
⇤
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• Electron-Proton Inelastic Scattering:                       
Electron scatters on pointlike constituents with fractional 
charge; final-state jets

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

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

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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QCD Prediction for Deuteron Form 
Factor 

Define “Reduced” Form Factor

Same large momentum transfer 
behavior as pion form factor
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dσ
dt

(γd! Δ++Δ�)' dσ
dt

(γd! pn) at high Q2

dσ
dt

(γd! Δ++Δ�)' dσ
dt

(γd! pn) at high Q2

Lepage, Ji, sjb

• Deuteron six quark wavefunction:

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

• Components evolve towards equality at short 
distances

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

• Predict 

Hidden Color in QCD
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Define “Reduced” Form Factor
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Quark Counting Rules for 
Exclusive Processes

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

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

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

• Form factors: probability amplitude to stay intact

•
FH(Q) ⇤ 1

(Q2)n�1

Q momentum transfer

e+e� ⇥ pp̄

�s(Q) ⇤ 1
lnQ

⇥(e+e�⇥three jets)
⇥(e+e�⇥two jets)

proportional to �s(s)

n = # elementary constituents

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



Need a First Approximation to QCD

 Comparable in simplicity to 
Schrödinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining



Coulomb  potential 
Veff ⇥ VC(r) = ��

r
Semiclassical first approximation to QED 

Bohr Spectrum

HQED

[� �2

2mred
+ Ve�(�S,�r)] �(�r) = E �(�r)

[� 1
2mred

d2

dr2
+

1
2mred

⌃(⌃ + 1)
r2

+ Ve�(r, S, ⌃)] �(r) = E �(r)

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

Effective two-particle equation

 Spherical Basis r, �,⇥

Includes Lamb Shift, quantum corrections

QED atoms: positronium 
and muonium

Schrödinger Eq.



Bohr Atom



HQED

Coupled Fock states

Effective two-particle equation

 Azimuthal  Basis

QCD Meson SpectrumHLF
QCD

(H0
LF + HI

LF )|� >= M2|� >

[
�k2
� + m2

x(1� x)
+ V LF

e� ] �LF (x,�k�) = M2 �LF (x,�k�)

�,⇥

�2 = x(1� x)b2
�

Confining AdS/QCD  
potential 

Semiclassical first approximation to QCD 

U(⇣) = 4⇣2 + 22(L + S � 1)



Derivation of the Light-Front Radial Schrodinger Equation  
directly from LF QCD

M2 =
⌅ 1

0
dx

⌅
d2 k⇥
16�3

 k2
⇥

x(1� x)

���⇥(x, k⇥)
���
2

+ interactions

=
⌅ 1

0

dx

x(1� x)

⌅
d2 b⇥ ⇥�(x, b⇥)

⇥
� ⇤2

⇥b��

⇤
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soft wall
confining potential:

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

�
� d2

d2�
+ V (�)

⇥
=M2⇥(�)

�
� d2

d�2 + V (�)
⇥
=M2⇥(�)

�2 = x(1� x)b2
⇥.

Jz = Sz
p =

⇤n
i=1 Sz

i +
⇤n�1

i=1 ⌥z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Relativistic LF radial equation!

G. de Teramond, sjb 
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Frame Independent
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4�2
+ U(�)

⇥
⇥(�) =M2⇥(�)

U(�) = ⇥4�2 + 2⇥2(L + S � 1)



U is the exact QCD potential 
Conjecture: ‘H’-diagrams generate U?

Light-Front Schrödinger Equation
�
� d2

d2�
+ V (�)

⇥
=M2⇥(�)

�
� d2

d�2 + V (�)
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=M2⇥(�)
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Jz = Sz
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i=1 Sz

i +
⇤n�1

i=1 ⌥z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Relativistic LF single-variable radial 
equation for QCD & QED

G. de Teramond, sjb 
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⇤(x,�b⇥) = ⇤(�)
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Frame Independent!

U(�, S, L) = ⇥2�2 + ⇥2(L + S � 1/2)
AdS/QCD:



Applications of AdS/CFT  to QCD 

in collaboration with Guy de Teramond

Changes in 
physical

length scale 
mapped to 

evolution in the 
5th dimension z 



AdS/QCD G. F. de Téramond

5-Dimensional
A nti-de Sitter

Spacetime

4-Dimensional
F lat Spacetime

(hologram)

B lack Hole

1-2006
8685A7

z0 = 1/!QCD

z

Caltech High Energy Seminar, Feb 6, 2006 Page 3



Exploring QCD, Cambridge, August 20-24, 2007 Page 7



Exploring QCD, Cambridge, August 20-24, 2007 Page 8



Exploring QCD, Cambridge, August 20-24, 2007 Page 9



Exploring QCD, Cambridge, August 20-24, 2007 Page 10



AdS/QCD G. F. de Téramond

5-Dimensional
A nti-de Sitter

Spacetime

4-Dimensional
F lat Spacetime

(hologram)

B lack Hole

1-2006
8685A7

z0 = 1/!QCD

z

Caltech High Energy Seminar, Feb 6, 2006 Page 3

Truncated AdS Space
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Light-Front Holography: Unique mapping derived from equality of 
LF and AdS  formula for current matrix elements
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Exploring QCD, Cambridge, August 20-24, 2007 Page 9

Light-Front Holography and Non-Perturbative QCD

Goal:   
Use AdS/QCD duality to construct 

a first approximation to QCD

Hadron Spectrum  
Light-Front Wavefunctions,

Form Factors, DVCS, etc

General remarks about orbital angular mo-
mentum

�n(xi, k�i,�i)

�n
i=1(xi

 R�+ b�i) =  R�

xi
 R�+ b�i

�n
i
 b�i =  0�

�n
i xi = 1

in collaboration with 
Guy de Teramond



• Use AdS/CFT to provide an approximate, 
covariant, and analytic model of hadron structure 
with confinement at large distances, conformal 
behavior at short distances

• Analogous to Schrödinger Theory for Atomic 
Physics

• AdS/QCD Light-Front Holography

• Hadronic Spectra and Light-Front 
Wavefunctions

Goal:

Light-Front Schrödinger Equation
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
Stanford Linear Accelerator Center the SLAC National Accelerator Laboratory.
What's in a name? Great past, great future, great science...
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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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Figure 8: Orbital and radial baryon excitations for the positive-parity Regge trajectories for the

N (left) and ! (right) families for ! = 0.49 ! 0.51 GeV.

while maintaining chiral symmetry for the pion [121] in the LF Hamiltonian equations. In

practice, these constraints require a subtraction of !4!2 from (102). 22

As is the case for the truncated-space model, the value of " is determined by the short

distance scaling behavior, " = L+1. Higher-spin fermionic modes !µ1···µJ!1/2
, J > 1/2, with

all of its polarization indices along the 3 + 1 coordinates follow by shifting dimensions for

the fields as shown for the case of mesons in Ref. [54] 23. Therefore, as in the meson sector,

the increase in the mass M2 for baryonic states for increased radial and orbital quantum

numbers is "n = 4!2, "L = 4!2 and "S = 2!2, relative to the lowest ground state, the

proton; i.e., the slope of the spectroscopic trajectories in n and L are identical. Thus for the

positive-parity nucleon sector

M2 (+)
n,L,S = 4!2

!

n+ L+
S

2
+

3

4

"

, (103)

where the internal spin S = 1
2 or 3

2 .

The resulting predictions for the spectroscopy of positive-parity light baryons are shown

in Fig. 8. Only confirmed PDG [49] states are shown. The Roper state N(1440) and

22This subtraction to the mass scale may be understood as the displacement required to describe nucleons

with NC = 3 as a composite system with leading twist 3+L; i.e., a quark-diquark bound state with a twist-2

composite diquark rather than an elementary twist-1 diquark.
23The detailed study of higher fermionic spin wave equations in modified AdS spaces is based on our

collaboration with Hans Guenter Dosch [32]. See also the discussion in Ref. [33].
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the N(1710) are well accounted for in this model as the first and second radial states of

the proton. Likewise, the !(1660) corresponds to the first radial state of the !(1232) as

shown in in Fig. 8. The model is successful in explaining the parity degeneracy observed in

the light baryon spectrum, such as the L= 2, N(1680)!N(1720) degenerate pair and the

L = 2, !(1905), !(1910), !(1920), !(1950) states which are degenerate within error bars.

The parity degeneracy of baryons shown in Fig. 8 is also a property of the hard-wall model

described in the previous section, but in that case the radial states are not well described [51].

In order to have a comprehensive description of the baryon spectrum, we need to extend

(103) to the negative-parity baryon sector. In the case of the hard-wall model, this was

realized by choosing the boundary conditions for the plus or minus components of the AdS

wave function "±. In practice, this amounts to allowing the negative-parity spin baryons to

have a larger spatial extent, a point also raised in [134]. In the soft-wall model there are no

boundary conditions to set in the infrared since the wave function vanishes exponentially for

large values of z. We note, however, that setting boundary conditions on the wave functions,

as done in Sec. 5.1, is equivalent to choosing the branch ! = µR ! 1
2 for the negative-

parity spin-12 baryons and ! = µR + 1
2 for the positive parity spin-32 baryons. This gives

a factor 4"2 between the lower-lying and the higher-lying nucleon trajectories as illustrated

in Fig. 9, where we compare the lower nucleon trajectory corresponding to the J = L + S

spin-12 positive-parity nucleon family with the upper nucleon trajectory corresponding to the

J = L+ S ! 1 spin- 32 negative-parity nucleons. As is clearly shown in the figure, the gap is

precisely the factor 4"2.

If we apply the same spin-change rule previously discussed for the positive-parity nucle-

ons, we would expect that the trajectory for the family of spin- 12 negative-parity nucleons

is lower by the factor 2"2 compared to the spin-32 minus-parity nucleons according to the

spin-change rule previously discussed. Thus the formula for the negative-parity baryons

M2 (!)
n,L,S = 4"2

!

n+ L+
S

2
+

5

4

"

, (104)

where S = 1
2 or 3

2 . It is important to recall that our formulas for the baryon spectrum are

the result of an analytic inference, rather than formally derived.

The full baryon orbital excitation spectrum listed in Table 2 for n = 0 is shown in Fig.

10. We note that M2 (+)

n,L,S= 3
2

= M2 (!)

n,L,S= 1
2

and consequently the positive and negative-parity !

states lie in the same trajectory, consistent with the experimental results. Only the confirmed

PDG [49] states listed in Table 2 are shown. Our results for the ! states agree with those

of Ref. [59]. “Chiral partners” as the N(1535) and the N(940) with di#erent orbital angular
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positive parity

negative parity

κ = 0.49 GeV κ = 0.51 GeV

Baryon Spectroscopy from AdS/QCD and Light-Front Holography
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Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
National Accelerator Laboratory to undergo a revolutionary type of analysis.
Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...
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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

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

• AdS/QCD: Incorporates scale transformations 
characteristic of QCD with a single scale -- RGE

• Light-Front Holography; unique connection of 
AdS5 to Front-Form

• Profound connection between gravity in 5th 
dimension and physical 3+1 space time at fixed LF 
time τ

• Gives unique interpretation of z in AdS to 
physical variable ζ in 3+1 space-time

150
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
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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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• Sivers Effect in SIDIS, Drell-Yan

• Double Boer-Mulders Effect in DY

• Diffractive DIS

• Heavy Quark Production at Threshold

Applications of Nonperturbative Running 
Coupling from AdS/QCD

All involve gluon exchange at small 
momentum transfer
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Features of Soft-Wall AdS/QCD

• Single-variable frame-independent radial Schrodinger equation

• Massless pion (mq =0)

• Regge Trajectories: universal slope in  n and L

• Valid for all integer J & S.   

• Dimensional Counting Rules for Hard Exclusive Processes

• Phenomenology: Space-like and Time-like Form Factors

• LF Holography: LFWFs;  broad distribution amplitude

• No large Nc limit required

• Add quark masses to LF kinetic energy

• Systematically  improvable -- diagonalize HLF on AdS basis
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• Test QCD to maximum precision

• High precision determination of               at all 
scales

• Relate observable to observable --no scheme or 
scale ambiguity

• Eliminate renormalization scale ambiguity in a 
scheme-independent manner

• Relate renormalization schemes without 
ambiguity

• Maximize sensitivity to new physics at the 
colliders 

↵s(Q2)

Goals



Electron-Electron Scattering in QED
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Initial scale  t0  is arbitrary -- Variation gives RGE Equations
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• No renormalization scale ambiguity!   

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

• Gauge Invariant.  Dressed photon propagator

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

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

• Number of active leptons correctly set 

• Analytic: reproduces correct behavior at lepton mass thresholds

• No renormalization scale ambiguity!   

• Two separate gauge invariant physical scales.  

Electron-Electron Scattering in QED

t

u
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Principle of Maximum Conformality

Xing-Gang Wu 
Leonardo  di Giustino, SJB

Shift scale of !s to µPMC
R to eliminate {"R

i }! terms

Conformal Series

Choose renormalization scheme; e.g. !R
s (µ

init
R )

Choose µinit
R ; arbitrary initial renormalization scale

Identify {"R
i }! terms using nf ! terms

through the PMC !BLM correspondence principle

Result is independent of µinit
R and scheme at fixed order

No renormalization scale ambiguity!

Result is independent of 
Renormalization scheme 

and initial scale!

Same as QED Scale Setting

Apply to Evolution kernels, 
hard subprocesses

Eliminates unnecessary 
systematic uncertainty

PMC/BLM

Need to set multiple renormalization scales -- 
Lensing, DGLAP, ERBL Evolution ...
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BLM/PMC: Absorb β-terms into running coupling

QCD Observables
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Eliminating the Renormalization Scale Ambiguity for Top-Pair Production 
Using the ‘Principle of Maximum Conformality’ (PMC)

Xing-Gang Wu 
 SJB

tt̄ asymmetry predicted by pQCD NNLO within
1 � of CDF/D0 measurements using PMC/BLM scale setting

Conventional: guess for 
renormalization scale and range

Experimental asymmetry

PMC Prediction



  On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

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

Features of BLM/PMC Scale Setting

• “Principle of Maximum Conformality”

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

• Standard procedure in QED

• Resulting series identical to conformal series 

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

• Scheme Independent  !!!

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

• Single Effective PMC scale at NLO

Di Giustino, Wu, sjb
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Example of Multiple BLM Scales

 Angular distributions of massive quarks close to threshold.

Hoang, Kuhn, Teubner, sjb

Need QCD coupling at small scales at 
low relative velocity v
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⇥
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• Renormalization scale “unphysical”:  No optimal 
physical scale

• Can ignore possibility of multiple physical scales

• Accuracy of PQCD prediction can be judged by taking 
arbitrary guess                 with an arbitrary range  

• Factorization scale should be taken equal to 
renormalization scale

Myths concerning scale setting

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

Guessing the scale:  Wrong in QED. Scheme dependent!



 Eliminate MSbar, 
Find Amazing Simplification



University of  Vienna, 
October 18, 2012 Parallels: Hadronic & Atomic Physics

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.
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky
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• Eliminate intermediate scheme

• No scale ambiguity 

• Transitive!

• Commensurate Scale Relations

• Conformal Template

• Example: Generalized Crewther Relation

Relate Observables to Each Other
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Generalized Crewther Relation

Conformal relation true to all orders in 
perturbation theory

No radiative corrections to axial anomaly
Nonconformal terms set relative scales (BLM)

No renormalization scale ambiguity!

Lu, Kataev, Gabadadze, Sjb

Both observables go through new quark thresholds
at commensurate scales!
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Transitivity Property of Renormalization Group

A B

C

A      C C      B A       B identical to 

Relation of observables must be independent of intermediate scheme 

Violated by PMS!
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QCD ⇥ Abelian Gauge Theory

limNC ⇥ 0 at fixed � = CF�s, n⌥ = nF/CF

e+e� ⇥ p⇤ p

Huet, sjb

Analytic Feature of SU(Nc) Gauge Theory

Scale-Setting procedure for QCD 
must be applicable to QED



µ2
R ⌅

Q2
minQ2

med
Q2

max

µ2
R ⌅

p2
minp2

med
p2
max

xµ = µR⇧
s

e+e� ⇤ �⇥ ⇤ 4jets

⇧+

⇧�

µ2
R ⌅

Q2
minQ2

med
Q2

max

µ2
R ⌅

p2
minp2

med
p2
max

xµ = µR⇧
s

e+e� ⇤ �⇥ ⇤ 4jets

⇧+

⇧�

µ2
R ⌅

Q2
minQ2

med
Q2

max

µ2
R ⌅

p2
minp2

med
p2
max

xµ = µR⇧
s

e+e� ⇤ �⇥ ⇤ 4jets

⇧+

⇧�

µ2
R ⌅

Q2
minQ2

med
Q2

max

µ2
R ⌅

p2
minp2

med
p2
max

xµ = µR⇧
s

e+e� ⇤ �⇥ ⇤ 4jets

Q

Q̄

µ2
R ⌅

Q2
minQ2

med
Q2

max

µ2
R ⌅

p2
minp2

med
p2
max

xµ = µR⇧
s

e+e� ⇤ �⇥ ⇤ 4jets

Q

Q̄

Example of Multiple BLM Scales

 Angular distributions of massive quarks close to threshold.

Hoang, Kuhn, Teubner, sjb

Need QCD coupling at small scales at 
low relative velocity β
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The Renormalization Scale Problem

• No renormalization scale ambiguity in QED 

• Gell Mann-Low QED Coupling defined from physical observable 

• Sums all Vacuum Polarization Contributions

• Recover conformal series

• Renormalization Scale in QED scheme: Identical to Photon 
Virtuality

• Analytic: Reproduces lepton-pair thresholds

• Examples:  muonic atoms, g-2, Lamb Shift

• Time-like and Space-like QED Coupling related by analyticity

• Uses Dressed Skeleton Expansion
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Truth is stranger than fiction, but it is 
because Fiction is obliged to stick to 
possibilities.        —Mark Twain

• Although we know the QCD Lagrangian, we 
have only begun to understand its remarkable 
properties and features.

• Novel QCD Phenomena: hidden color, color 
transparency, strangeness asymmetry, intrinsic 
charm, anomalous heavy quark phenomena,  
anomalous spin effects, single-spin 
asymmetries, odderon, diffractive deep 
inelastic scattering, dangling gluons, 
shadowing, antishadowing, QGP, CGC, ...
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Many Analogs: QED/QCD

• Diffractive Dissociation of Atoms/Hadrons

• Atomic/Color Transparency

• Light-Front Wavefunctions

• Atomic Alchemy/B decay

• Atom Formation/Hadronization

• Spontaneous pair production/ Confinement

• Intrinsic heavy leptons/Intrinsic Charm

• True Muonium/Quarkonium
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I thought I had 
discovered the 

Theory of Everything 
But everything 
canceled out !

A Theory of Everything Takes Place
SCIENCE  VOL  265 15 SEPTEMBER 1995

String theorists have broken an impasse and may be 
on their way to converting this mathematical 

structure -- physicists’ best hope for unifying gravity 
and quantum theory -- into a single coherent theory.



     and Exotic Atoms in Flight

The  remarkable connections between
atomic and hadronic physics

Stan Brodsky 

Stanford University


