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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



• 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
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Myths concerning scale setting
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These assumptions are untrue in QED 
and thus they cannot be true for QCD
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Clearly heuristic. Wrong in QED. Scheme dependent!



Electron-Electron Scattering in QED
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QED One-Loop Vacuum Polarization
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All-orders lepton-loop corrections to dressed photon propagator
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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.   This is the purpose of the running coupling!

• If one chooses a different initial scale, one must 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!     
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Electron-Electron Scattering in QED

t u
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Relation between scales of the
Gell -Mann--Low and  MS schemes
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The Renormalization Scale Problem

• No renormalization scale ambiguity in QED 

• Physical predictions cannot depend on renormalization scheme

• 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 -- number of active leptons set

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

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

• Uses Dressed Skeleton Expansion

• Results are scheme independent!
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QCD Observables
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» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases
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BLM Scale Setting

Use skeleton expansion:
Gardi, Grunberg, Rathsman, sjb

nf  dependent 
coefficient identifies 

quark loop VP 
contribution 

Conformal coefficient - independent of  � = d
d logQ2g(Q2) < 0

� = d
d logQ2g(Q2) > 0

� = d
d logQ2g(Q2) < 0

� = d
d logQ2g(Q2) > 0

This is very important!

This is very important!

�0 = 11� 2
3nf
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Features of BLM/PMC Scale Setting

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

• BLM Scale Q* sets the number of active flavors

• Only nf dependence (associated with renormalization) required to 
determine renormalization scale at NLO

• Result is scheme independent! Q* has exactly the correct dependence to 
compensate for change of scheme

• Correct Abelian limit

• Resulting series identical to conformal series! 

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

  On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Phys.Rev.D28:228,1983 
Lepage, Mackenzie, sjb
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Press and Media
Promoting understanding, appreciation and support for SLAC's forefront research, the

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

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases
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10

• All non-conformal and scheme-dependent E-terms in the
perturbative series are summed into the running coupling.
The result is consistent with conformal theory (scheme-independent).

• Transitivity => proper scale-displacement or commensurate scale 
relations also ensure scheme-independence.

• The active flavors nf in E-function is correctly determined.

• Renormalons growing as (n! Em Ds
n) are avoided

=>better convergence

• The PMC method agrees with the standard QED results in 
the Nc -> 0 limit. 

• Higher-order calculation easier, we only need to calculate nf-terms

Up to NNNLO PMC/BLM scale setting can be found in SJB

Basic properties of PMC



• 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

16

Myths concerning scale setting

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

These assumptions are untrue in QED 
and thus they cannot be true for QCD

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

Clearly heuristic. Wrong in QED. Scheme dependent!
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December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases
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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

Scale-Setting procedure for QCD 
must be applicable to QED

CF =
N2

C � 1
2NC
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more
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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

F1 + F2 =
⇥
1� 2

↵s(se3/4/4)
⇡

⇤
⇥

⇥
1 +

⇡↵s(sv2)
4v
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December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases
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Application A: Scale setting in 3-jets events at LO

LO-BLM/PMC scale

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

Three-jet production  in electron-positron annihilation

Other Jet Observables using BLM:  Rathsman

PMS & FAC have 
wrong physical 

dependence!

PMS 

Jet Invariant mass 
squared:

M2 = ys

BLM 

BLM scale is 
gluon jet 
virtuality
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PMS vs. PMC
• PMS/FAC - incorrectly sums conformal terms -- even minimizes 

physical asymmetries!       PMS violates transitivity

• PMC/BLM:  exposes conformal series - no renormalons

• Conformal series has new physics -- not associated with 
renormalization

• PMC: No need to analyze diagrams or codes -- simply identify non-
conformal logarithms -- then shift scale

• PMC:  Applies to subprocesses with multiple final particles- 
recursive procedure

• PMC/BLM: Agrees with QED in Abelian limit

• PMC/BLM: Result is independent of scheme and initial scale 
choice
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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. 9: The ET distribution of the second jet at LO and NLO, for two dynamical scale choices,

µ = EW
T (left plot) and µ = ĤT (right plot). The histograms and bands have the same meaning

as in previous figures. The NLO distribution for µ = EW
T turns negative beyond ET = 475 GeV.

the NLO cross section: too low a scale at NLO will make the total cross section unphysically

negative.

This diagnostic can be applied bin by bin in distributions. For example, in fig. 9 we show

the ET distribution of the second-most energetic jet of the three, at the LHC. In the left plot

we choose the scale to be the W transverse energy EW
T (defined in eq. (3.3)) used earlier in

the Tevatron analysis. Near an ET of 475 GeV, the NLO prediction for the differential cross

section turns negative! This is a sign of a poor scale choice, which has re-introduced large

enough logarithms of scale ratios to overwhelm the LO terms at that jet ET . Its inadequacy

is also indicated by the large ratio of the LO to NLO distributions at lower ET , and in the

rapid growth of the NLO scale-dependence band with ET . In contrast, the right panel of

fig. 9 shows that ĤT (defined in eq. (2.10)) provides a sensible choice of scale: the NLO

cross section stays positive, and the ratio of the LO and NLO distributions, though not

completely flat, is much more stable.

Why is µ = EW
T such a poor choice of scale for the second jet ET distribution, compared

with µ = ĤT ? (For an independent, but related discussion of this question, see ref. [40].)

Consider the two distinct types of W + 3 jet configurations shown in fig. 10. If configuration

(a) dominated, then as the jet ET increased, EW
T would increase along with it, by conser-

32

Next-to-Leading Order QCD Predictions for W + 3-Jet Distributions at Hadron Colliders

C. F. Berger,  Z. Bern, L. J. Dixon, F. Febres Cordero,  D. Forde,  T. Gleisberg,  H. Ita,  D. A. Kosower,  and D. Maıtre

Black Hat 

µR = µF = EW
T µR = µF = ĤT

Negative rate at NLO!
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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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Using intense X-ray beams, scientists will search for characteristics of the
"dinobird" that have eluded all previous scientific analyses...
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corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...
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Menlo Park, Calif.—The U.S. Department of Energy (DOE) has renamed
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...
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Is there a way to set the 
renormalization scale       ?

The Renormalization Scale Problem

µR
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What happens if there are 
multiple physical scales ?
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Binger, sjb

Full analytic calculation, 
general masses, spin

Pinch Scheme

H. J. Lu
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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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corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
(DOE) and international partners...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more
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Effective Charges: analytic at quark mass thresholds,  finite at small momenta

Define QCD Coupling from Observables
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Commensurate scale relations: 
Relate observable to observable 

at commensurate scales

Grunberg

H.Lu, Rathsman, sjb
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Relate Observables to Each Other
• Eliminate intermediate scheme

• No scale ambiguity 

• Transitive!

• Commensurate Scale Relations

• Conformal Template

• Example: Generalized Crewther Relation
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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
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GLAST Observatory Renamed for Fermi, Reveals Entire Gamma-
Ray Sky

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

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

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

» read more
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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

40

[1 + �R(s⇥)
⇥ ][1� �g1(q

2)
⇥ ] = 1

⌅
s⇥ ⇤ 0.52Q

[1 + �R(s⇥)
⇥ ][1� �g1(q

2)
⇥ ] = 1

⌅
s⇥ ⇤ 0.52Q

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
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Relations between observables must be independent of intermediate 
scheme 
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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

45

Unification in Physical Schemes

• Smooth analytic threshold behavior 
with automatic decoupling
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19



Principle of  Maximal Conformality  Stan Brodsky 
 

Vienna 
November 8, 2012

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

• Take conformal symmetry as initial approximation; then 
correct for non-zero beta function and quark masses

• Eigensolutions of ERBL evolution equation for distribution 
amplitudes

• Commensurate scale relations: relate observables at 
corresponding scales: Generalized Crewther Relation

• Fix Renormalization Scale (BLM, Effective Charges)

• The BFKL QCD Pomeron with Optimal Renormalization

• IR Fixed Point -- A Conformal Domain

• Use  AdS/CFT

Conformal symmetry: Template for QCD
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IR Fixed Point for QCD?

• Effective Gluon Mass  Cornwall

• Dyson-Schwinger Analysis: QCD coupling  (mom scheme) 
has IR Fixed point!     Alkofer, Fischer, von Smekal et al.

• Lattice Gauge Theory

• Define coupling from observable, indications of IR fixed point 
for QCD effective charges

• Confined gluons and quarks: Decoupling of QCD vacuum 
polarization at small Q2 

• Justifies application of AdS/CFT in strong-coupling conformal 
window
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Physicists Discover New Particle: The Bottom-most
"Bottomonium"

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

» read more

» more press releases
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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...
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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...

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
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What's in a name? Great past, great future, great science...
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map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
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• Colored fields confined to finite domain 

• All perturbative calculations regulated in IR

• High momentum calculations unaffected

• Bound-state Dyson-Schwinger Equation

• Analogous to Bethe’s Lamb Shift Calculation

• Similar in spirit to Cornwall’s Effective Gluon mass

A strictly-perturbative space-time region can be defined as one which
has the property that any straight-line segment lying entirely within the region has an 
invariant length small compared to the confinement scale 
(whether or not the segment is spacelike or timelike).J. D. Bjorken, 

SLAC-PUB 1053
Cargese Lectures 1989

(x� y)2 < ��2
QCD

Quark and Gluon vacuum polarization insertions decouple: IR Fixed-Point 

Shrock, sjb
Maximal Wavelength of Confined Fields 
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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

55

Myths concerning scale setting

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

These assumptions are untrue in QED 
and thus they cannot be true for QCD

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

⇤H(x,✏k�, �i)

pH

x,✏k�

Clearly heuristic. Wrong in QED. Scheme dependent!
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  On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

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

Features of BLM/PMC Scale Setting

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

• Standard procedure in QED

• Resulting series identical to conformal series 

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

• In general, BLM scales depend on all invariants



Conformal Template
• BLM scale-setting:  Retain conformal series; nonzero β-terms set multiple 

renormalization scales.  No renormalization scale ambiguity.  Result is 
scheme-independent.

• Principle of Maximal Conformality: Single Effective Scale 

• Commensurate Scale Relations based on conformal template; scheme-
independent

• Pinch Scheme -- provides analytic, gauge invariant, 3-g form factors

• Analytic scheme for coupling unification

• IR Fixed point -- conformal symmetry motivation for AdS/CFT

• Light-Front Schrödinger Equation: analytic first approximation to QCD

• Dilaton-modified AdS5:  Predict Hadron Spectrum, Form Factors, αs, β

• Light-Front Wave Functions from Holography: Hadronization at the 
amplitude level

57
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11/41

The reason (why BLM/PMC is useful) is clear

Basic features of BLM/PMC

• It satisfies all the above properties: Existence, Unitary, 
Transitivity, Reflexivity.

• All non-conformal and scheme-dependent E-terms in the
perturbative series are summed into the running coupling.
The result is conformal, and it is scheme-independent due to 
the proper scale-displacement in Ds. 

• The active flavors nf in E-function is correctly determined.

• Renormalons growing as (n! Em Ds
n) are avoided.

• The PMC method agrees with the standard QED results in 
the Nc -> 0 limit. 

PMS breaks Transitivity and Reflexivity
X-G Wu, sjb
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26/41

PMC, dealing with the E-series, provides the principle 
underlying BLM scale setting.

However to find what’s the E-expansion series like ?

1) There are few cases, people have calculated the E-terms directly, since it is more 
convenient to calculate the nf-terms (light-quark loops). So usually, we need to
transform the nf-terms into E-terms for PMC.

2) The relation between E and nf is not in a simple way, i.e. E2 include the 2-quark
-loop, 1-quark-loop and 0-quark-loop contributions. So to get the same nf-series,
the combination of E-term is not unique, which is more adaptable ?

PMC scale-setting

The BLM – PMC correspondence X-G Wu, sjb
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To set the BLM scales up to NNLO, the starting point

  s
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standard procedures for PMC
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Archaeopteryx fossil, has come to the U.S. Department of Energy's SLAC
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Using intense X-ray beams, scientists will search for characteristics of the
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» 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
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ray Space Telescope, a collaboration with the U.S. Department of Energy
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Coefficients

At least three-effective scales

standard procedures for PMC
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Generalize MS Scheme by subtracting log 4⇡ � �E � �

Handling the scheme and scale ambiguities of physical predictions in the
�-Renormalization scheme

Stanley J. Brodsky⇤

SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Matin Mojaza†

CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230 and
SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Xing-Gang Wu‡

Department of Physics, Chongqing University, Chongqing 401331, P.R. China and
SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

(Dated: November 3, 2012)

X-GW: My new comments and corrections are shown like this.
MM: I have made the suggested changes that did not need discussion, but left those that we must

discuss. I have corrected typos and made further discussion.

PACS numbers:

I. GENERALIZED RENORMALIZATION
SCHEME IN DIMENSIONAL REGULARIZATION

In dimensional regularization logarithmically divergent
integrals are regularized by computing them in d = 4�2✏
dimensions by which the divergences are separated as 1/✏
poles and can be absorbed into redefinitions of the cou-
plings. The choice of subtraction procedure is known as
the renormalization scheme and is chosen by the theo-
rists convenience. To avoid dealing with couplings chang-
ing dimensionality as a function of ✏ one introduces an
arbitrary mass scale µ to keep coupling constants dimen-
sionless in the 4� 2✏ theory. In particular, for QCD one
rewrites the bare gauge coupling a

0

= ↵
0

/4⇡ = g2/(4⇡)2

as:

a
0

= µ2✏ZaSaS , (1)

where aS is the renormalized gauge coupling under a spe-
cific renormalization scheme S and ZaS is the renormal-
ization constant of the coupling. The bare coupling must
be independent of the arbitrary scale µ, thus

µ2

da
0

dµ2

= 0. (2)

Using this and the expansions

µ2

daS
dµ2

= �✏aS + �(aS) , (3)

�(a) = �a2
1X

i=0

�ia
i , (4)

Za = 1 +
1X

i=1

zia
i , (5)

⇤
sjbth@slac.stanford.edu

†
mojaza@slac.stanford.edu

‡
wuxg@cqu.edu.cn

it is easily derived that:

Za =1� �
0
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0
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2
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0

6✏2
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3

4✏

◆
a4 + · · ·

and the �i coe�cients are known up to �
3

, or four loops
[1]. The coe�cients �i are renormalization scheme de-
pendent, however, it is well-known that the two first co-
e�cients �

0

and �
1

are unique.
The arbitrariness of µ allows one to absorb the infini-

ties into a redefinition of the renormalized coupling. In
the minimal subtraction (MS) scheme one absorbs the 1

✏
poles appearing in loop integrals. However, since any-
thing can be hidden into infinity, one can subtract any
finite part as well with the pole. The MS-scheme di↵ers
from the MS-scheme by an additional absorption of the
term ln(4⇡)� �E . We will generalize this by introducing
the the �-Renormalization scheme, R�, where one ab-
sorbs ln(4⇡)� �E � � into the coupling constant. Here �
is an arbitrary finite number, and by appropriate choice
connects all MS-type schemes. In particular1:

R
0

= MS , (7)

R
ln 4⇡��E = MS . (8)

The scheme-transformation between di↵erent R� cor-
responds simply to a displacement in their corresponding
scales,

1
Note that we have chosen MS as the reference scheme for R0.

This is done since most results today are known in this scheme,

however, there is nothing special about MS and R0 can be rede-

fined to be any other MS-scheme

Call this the R� renormalization scheme

2

X-GW: As I have discussed before, this conclusion must
be demonstrated, which can be derived by applying the LO
BLM/PMC procedure. A simple demonstration by using the
e↵ective coupling has been done by Stan and Hungjung al-
ready.

MM: As I have also discussed, this is not LO and it has
nothing to do with commensurate scale relations! It is a re-
definition of the µ scale in Eq.(1) and is per definition exact.
Please also see my previous comments that I have provide a
couple of times now and also do recall how the MS and MS

schemes are defined.
i.e.

µ�2 = µ�1e
�1��2

2 . (9)

In particular:

µ
MS

= µ
MS

e(ln 4⇡��E)/2, (10)

µ� = µ
MS

e��/2 . (11)

Since all R�’s are connected by scale-displacements,
the �-functions of aR� defined in Eq. (3) are the same in
any R�. The index � on aR� is thus redundant and we
denote it instead as aR. In this work we are only con-
cerned with R� and will therefore simply denote aR ⌘ a,
unless it appears in an ambiguous context.

We can find a power series solution in 1/ ln(µ/⇤) for
a by solving the renormalization group equation per-
turbatively. It is simplest to use the extended renor-
malization group prescription where one works with the
rescaled coupling â = �1

�0
a and rescaled logarithm L� =

�2
0

�1
ln(µ�/⇤). The solution up to O(1/L5

�) reads:

â(µ�) =
1

L�
+

1

L2

�

(C � lnL�) +
1

L3

�

⇥C2 + C + c
2

� (2C � lnL� + 1) lnL� � 1
⇤
+

1

L4

�

⇢
C
✓
C2 +

5

2
C + 3c

2

� 2

◆

�1� c
3

2
�


3C2 + 5C + 3c

2

� 2�
✓
3C � lnL� +

5

2

◆
lnL�

�
lnL�

�
+O

✓
1

L5

�

◆
, (12)

where C is an arbitrary integration constant which in R�

is set to C = ln�2

0

/�
1

to reproduce the standard ⇤
MS

scale. Note that we take the asymptotic scale ⇤ = ⇤
MS

to be the same for any R�. Alternatively, one can take
the scale µ to be the same for any R�, while instead
having di↵erent asymptotic scales ⇤�.

II. OBSERVABLES IN R�

Consider an observable computed using perturbation
theory and in a scheme which we put as the references
scheme R

0

(this will be the MS for most computed quan-
tities) with the following expansion:

⇢
0

(Q2) =
1X

i=0

ri(Q
2/µ2

0

)a(µ
0

)i , (13)

where µ
0

stands for some initial renormalization scale
and Q is the scale at which the observable is measured.
The most general expansion with an extra factor an in
front of the sum for any n (i.e. the tree level ↵s powers)
can readily be derived and does not change the following
conclusions.

Since results in any R� are related by scale displace-
ments, we can derive the general expression for ⇢ in R�

by using the displacement relation:

a(µ
0

) = a(µ�) +
1X

n=0

1

n!

dna(µ)

(d lnµ2)n
|µ=µ� �n , (14)

where we used that � = lnµ2

0

/µ2

� . The expression for ⇢ is
straightforwardly computed to any order, and in partic-
ular to order a4 it reads:

⇢�(Q
2) =r
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+ r
1

a(µ�) + [r
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)]a(µ�)
4 +O(a5) , (15)

where ri are generally functions of lnQ2/µ2

� and �, since
lnQ2/µ2

0

= lnQ2/µ2

� � �.
Since ⇢ is a physical observable, it must be independent

of the arbitrary renormalization scheme and scale. That
is,

@⇢�
@µ�

= 0 ,
@⇢�
@�

= 0 , (16)

for any �. However, the argument does no longer hold
when the infinite perturbative series has been truncated
to any finite order. This is known as the renormalization

scale ambiguity and the renormalon problem of pertur-
bative QCD. Note that the ambiguity resides in choosing

Teach a robot to compute the PMC scales

All R� renormalization schemes have same �-function

M. Mojaza, Xing-Gang Wu, sjb
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X-GW: As I have discussed before, this conclusion must
be demonstrated, which can be derived by applying the LO
BLM/PMC procedure. A simple demonstration by using the
e↵ective coupling has been done by Stan and Hungjung al-
ready.

MM: As I have also discussed, this is not LO and it has
nothing to do with commensurate scale relations! It is a re-
definition of the µ scale in Eq.(1) and is per definition exact.
Please also see my previous comments that I have provide a
couple of times now and also do recall how the MS and MS

schemes are defined.
i.e.

µ�2 = µ�1e
�1��2

2 . (9)

In particular:

µ
MS

= µ
MS

e(ln 4⇡��E)/2, (10)

µ� = µ
MS

e��/2 . (11)

Since all R�’s are connected by scale-displacements,
the �-functions of aR� defined in Eq. (3) are the same in
any R�. The index � on aR� is thus redundant and we
denote it instead as aR. In this work we are only con-
cerned with R� and will therefore simply denote aR ⌘ a,
unless it appears in an ambiguous context.

We can find a power series solution in 1/ ln(µ/⇤) for
a by solving the renormalization group equation per-
turbatively. It is simplest to use the extended renor-
malization group prescription where one works with the
rescaled coupling â = �1

�0
a and rescaled logarithm L� =

�2
0

�1
ln(µ�/⇤). The solution up to O(1/L5

�) reads:

â(µ�) =
1

L�
+

1

L2

�

(C � lnL�) +
1

L3

�

⇥C2 + C + c
2

� (2C � lnL� + 1) lnL� � 1
⇤
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1

L4
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✓
1

L5

�

◆
, (12)

where C is an arbitrary integration constant which in R�

is set to C = ln�2

0

/�
1

to reproduce the standard ⇤
MS

scale. Note that we take the asymptotic scale ⇤ = ⇤
MS

to be the same for any R�. Alternatively, one can take
the scale µ to be the same for any R�, while instead
having di↵erent asymptotic scales ⇤�.

II. OBSERVABLES IN R�

Consider an observable computed using perturbation
theory and in a scheme which we put as the references
scheme R

0

(this will be the MS for most computed quan-
tities) with the following expansion:

⇢
0

(Q2) =
1X

i=0

ri(Q
2/µ2

0

)a(µ
0

)i , (13)

where µ
0

stands for some initial renormalization scale
and Q is the scale at which the observable is measured.
The most general expansion with an extra factor an in
front of the sum for any n (i.e. the tree level ↵s powers)
can readily be derived and does not change the following
conclusions.

Since results in any R� are related by scale displace-
ments, we can derive the general expression for ⇢ in R�

by using the displacement relation:

a(µ
0

) = a(µ�) +
1X

n=0

1

n!

dna(µ)

(d lnµ2)n
|µ=µ� �n , (14)

where we used that � = lnµ2

0

/µ2

� . The expression for ⇢ is
straightforwardly computed to any order, and in partic-
ular to order a4 it reads:
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1
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1
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1
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0
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+
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1

�
0

r
1

)]a(µ�)
4 +O(a5) , (15)

where ri are generally functions of lnQ2/µ2

� and �, since
lnQ2/µ2

0

= lnQ2/µ2

� � �.
Since ⇢ is a physical observable, it must be independent

of the arbitrary renormalization scheme and scale. That
is,

@⇢�
@µ�

= 0 ,
@⇢�
@�

= 0 , (16)

for any �. However, the argument does no longer hold
when the infinite perturbative series has been truncated
to any finite order. This is known as the renormalization

scale ambiguity and the renormalon problem of pertur-
bative QCD. Note that the ambiguity resides in choosing

3

a value for the arbitrary initial scale µ�, or correspond-
ingly fixing the arbitrary scheme, R�. The � dependency
of the coe�cients is not small and since this is an implicit
µ� dependency it is simply wrong to state that the coef-
ficients only depend logarithmically on the scale. This is
intimately connected to the renormalon problem.

X-GW: Here, I have cut o↵ unimportant discussions.

MM: Ok.

Now, it is obvious that in a conformal theory, where
{�i} = {0}, the � dependency vanishes in Eq.(15). That
is, the result is the same in anyR�. Therefore, by absorb-
ing all {�i} dependency into a redefinition of the scales
at each order, we obtain a final result independent of the
initial choice of scale and scheme. Using R� we can make
this statement even more rigorous. From the explicit ex-
pression in Eq. (15) it is easy to confirm that

d⇢�(s)

d�
= �(a)

d⇢�
da

. (17)

We see that to obtain a scheme-invariant and confor-
mal result, we must set the scales such that all {�i}-
functions equal to zero, which further leads to

�(a) = 0 . (18)

Notice that this holds at any order in perturbation the-
ory and is a theoretical requirement, di↵erent from the
physical fact that the all-orders expression for ⇢ must be
renormalization scale and scheme invariant. It should be
emphasized that this is not a fixed point expression for
a but is a fully conformal requirement, that is, the beta
function vanishes identically. This proves the principle

of maximal conformality (PMC) at any order.
X-GW: I think the above demonstration is not complete

or misleading. It is right that if the right side of Eq.(17) is
satisfied by a proper PMC procedure, then the left side can be
satisfied naturally.

MM: This is all I had in mind, in other words Eq.(18) is
the ’proof-of-concept’ of the PMC scale setting - as you say, it
demonstrates that if one sets the scale such that all {�i} are
absorbed, the final result is renormalization scheme invariant
and this is the principal of maximal conformality.

X-GW: However if the left side of Eq.(18) is satisfied we
can only obtain �(a) = 0, but we can not obtain the conclusion
that all the terms involving {�i}-functions are equal to zero,
that is we can not eliminate all {�i}-series. It only happens
when all {�i}-terms are combined into functions of �(a) that
is only a lottery.

MM: There are two ways of obtaining �(a) = 0: either
{�i} = 0 or a(µ) = a⇤, where a⇤ is a constant - the fixed point
value, �(a⇤

) = 0. As I emphasize above, the latter is not what
we are considering. Let me elaborate. The fixed point theory
is a conformal field theory (CFT) - the coupling does not run.
In a CFT it does not make sense to set the scale, since the
theory is scale-invariant (a = a⇤ on all scales). Moreover, the
CFT is not asymptotically free, so we cannot even consider
observables computed in perturbation theory - it has no well-
defined perturbative limit. So, to me it does not make sense
to consider nor discuss this case in the context of the scale

setting problem. Therefore, �(a) = 0 can only mean {�i} = 0

in the context we are considering.
In fact, by setting � = 0 directly, we must demonstrate the

{�i}-terms in the coe�cient functions ri are eliminated simul-
taneously. This point has also been discussed in my previous
letters, but it has not been discussed so far.

MM: I do not understand this last comment?

III. SETTING THE PMC SCALES

The expression in Eq. (15) explicitly shows the pattern
of �i terms appearing in the coe�cients at each order.
That is, if we forget about any reference scheme, the
expression for ⇢ in any scheme will take the form:

⇢(Q2) =r
0,0 + r

1,0a(Q) + [r
2,0 + �

0

r
2,1]a(Q)2

+ [r
3,0 + �

1

r
2,1 + 2�
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r
3,1 + �2

0

r
3,2]a(Q)3
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4,0 + �

2

r
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1

r
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5

2
�
1

�
0

r
3,2 + 3�

0

r
4,1

+ 3�2

0

r
4,2 + �3

0

r
4,3]a(Q)4 +O(a5) (19)

where ri,0 are the conformal part of the coe�cients.
MM: Note that I in this expression have assumed/inferred

some relations between the coe�cients e.g. the �0a(Q)

2 co-
e�cient and the �1a(Q)

3 are equal etc... It follows from Eq.
(15) and I have checked that it is indeed correct for Re+e�!h.
I think this holds for any observable?
We have as before for simplicity of the expression set

µ = Q, but this is not the final expression. We must
set the scale at each order in such a way to absorb all �i

dependencies into the running coupling. The problem is
now to understand which terms should be absorbed into
which scales. We can use R� to provide the solution. In
deriving Eq. (15) we made an equal scale displacement
of each running coupling. To see from where each � ap-
peared, we put a dummy index on the displacement of
each coupling to track its origin. The result is:

⇢�(Q
2) =r

0

+ r
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a
1

(Q) + (r
2
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�
1
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4
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r
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+
5

2
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1
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1

]a(Q)4 +O(a5) (20)

This immediately shows us which terms should be ab-
sorbed into which running coupling, e.g. we must resum
all �

1

dependency into a
1

etc.. In the end one can remove
the dummy index on the couplings since they were put
only to display the correct resummation pattern.

MM: I must emphasize here that the BLM procedure is
only and approximation to PMC as can be seen above, i.e.
besides the fact that ri,0 depend explicitly on Nf one can also
now observe that e.g. there is an N2

f term coming from �1�0

at order a4 which must be absorbed into a1 - If I have un-
derstood BLM correctly, at this order you absorb only all N3

f

dependency into a1, right?

Shows the general way that nonconformal terms 
enter an observable

Generalization: use �n at n-loops.

initial
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MM: I now show how to set the PMC scales - given Eq.(19)
is correct, this is the exact way to do it, di↵erently from the
approximative way we considered and discussed earlier. The
scales naturally depend on the coupling through the beta func-
tion.

Let’s take a look back at Eq. (19). It is easy to see
that we can resum all ri,1 terms, which come with a lin-
ear factor of �j , to all orders by setting the scales (for
simplicity, we treat the higher order �j terms later):

r
1,0a(Q1

) = r
1,0a(Q)� �(a)r

2,1

r
2,0a(Q2

)2 = r
2,0a(Q)2 � 2a(Q)�(a)r

3,1

r
3,0a(Q2

)3 = r
3,0a(Q)3 � 3a(Q)2�(a)r

4,1

...

rk,0a(Qk)
k = rk,0a(Q)2 � k a(Q)k�1�(a)rk+1,1 (21)

From the scale displacement equation (14) for a it is
straightforward to see that:

a(Qk)
k = a(Q)k + ka(Q)k�1�(a) ln

Q2

k

Q2

+ (22)

+


k

2
�
@�

@a
a(Q)k�1 + k(k � 1)a(Q)k�2�(a)2

�
ln2

Q2

k

Q2

+ · · ·

It follows that to absorb all linear �j terms, the scales

Qk must satisfy:

�rk+1,1

rk,0
= ln

Q2

k

Q2

+


1

2

@�

@a
+ (k � 1)

�

a

�
ln2

Q2

k

Q2

+ · · ·
(23)

This leads to the self-consistency equation for Qk:

ln
Q2

k

Q2

=
�rk+1

/rk,0

1 +
h
1

2

@�
@a + (k � 1)�a

i
ln

Q2
k

Q2 + · · ·
(24)

To leading order (LO) we have:

ln
Q2

k,LO

Q2

= �rk+1

rk,0
. (25)

This resums all linear �j terms, but introduces higher
order �j terms as well beyond the order ak+1. Say, we
are computing an observable to order an. The scales Qk

must resum all �jrk+1,1 terms without introducing higher
order ones up to order an. This means that Qk must be
computed to Nn�(k+1)LO. Let us explicitly perform the
resummation up to a4, that is, up to NNLO. The general
expression for the NLO scale reads:

ln
Q2

k,NLO

Q2

=
�rk+1

/rk,0

1 +
h
1

2

@�
@a + (k � 1)�a

i ⇣
� rk+1

rk,0

⌘ . (26)

To find the NNLO scale, we first write the self-
consistency equation:

ln
Q2

k

Q2

=
�rk+1,1/rk,0

1 +
h
1

2
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@a + (k � 1)�a

i
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✓
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⇣
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⌘
2

◆
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2

�
a
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@a + (k � 1)(k � 2)�

2
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�
ln2

Q2
k

Q2 + · · ·
(27)

Then we expand the NLO scale to first order

ln
Q2

k,NLO

Q2

= �rk+1,1

rk,0

✓
1 +


1

2

@�

@a
+ (k � 1)

�

a

�
rk+1,1

rk,0
+ · · ·

◆
, (28)

and replace ln Q2
k

Q2 in the denominator with this NLO expansion, while the ln2 Q2
k

Q2 is replaced with the LO expansion.
We the get:

ln
Q2

k,NNLO

Q2

=
�rk+1,1/rk,0

1 +
h
1

2

@�
@a + (k � 1)�a

i ⇣
� rk+1,1

rk,0

⌘
+


1
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✓
� @2�

@a2 � 1

2

⇣
@�
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⌘
2

◆
� k�1

2

�
a

@�
@a � (k � 1)�

2

a2

�⇣
rk+1,1

rk,0

⌘
2

. (29)

So far, we kept k general and thus these expressions
for Qk,LO, Qk,NLO and Qk,NNLO hold for a perturbative
expansion to any order. In the particular case, where we
are considering ⇢ to order a4, we have that:

ln
Q2

1

Q2

=
�r

2,1/r1,0

1� 1

2

@�
@a

r2,1
r1,0

+ 1

3!


� @2�
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2

⇣
@�
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⌘
2

�⇣
r2,1
r1,0

⌘
2

.

(30)
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a value for the arbitrary initial scale µ�, or correspond-
ingly fixing the arbitrary scheme, R�. The � dependency
of the coe�cients is not small and since this is an implicit
µ� dependency it is simply wrong to state that the coef-
ficients only depend logarithmically on the scale. This is
intimately connected to the renormalon problem.

X-GW: Here, I have cut o↵ unimportant discussions.

MM: Ok.

Now, it is obvious that in a conformal theory, where
{�i} = {0}, the � dependency vanishes in Eq.(15). That
is, the result is the same in anyR�. Therefore, by absorb-
ing all {�i} dependency into a redefinition of the scales
at each order, we obtain a final result independent of the
initial choice of scale and scheme. Using R� we can make
this statement even more rigorous. From the explicit ex-
pression in Eq. (15) it is easy to confirm that

d⇢�(s)

d�
= �(a)

d⇢�
da

. (17)

We see that to obtain a scheme-invariant and confor-
mal result, we must set the scales such that all {�i}-
functions equal to zero, which further leads to

�(a) = 0 . (18)

Notice that this holds at any order in perturbation the-
ory and is a theoretical requirement, di↵erent from the
physical fact that the all-orders expression for ⇢ must be
renormalization scale and scheme invariant. It should be
emphasized that this is not a fixed point expression for
a but is a fully conformal requirement, that is, the beta
function vanishes identically. This proves the principle

of maximal conformality (PMC) at any order.
X-GW: I think the above demonstration is not complete

or misleading. It is right that if the right side of Eq.(17) is
satisfied by a proper PMC procedure, then the left side can be
satisfied naturally.

MM: This is all I had in mind, in other words Eq.(18) is
the ’proof-of-concept’ of the PMC scale setting - as you say, it
demonstrates that if one sets the scale such that all {�i} are
absorbed, the final result is renormalization scheme invariant
and this is the principal of maximal conformality.

X-GW: However if the left side of Eq.(18) is satisfied we
can only obtain �(a) = 0, but we can not obtain the conclusion
that all the terms involving {�i}-functions are equal to zero,
that is we can not eliminate all {�i}-series. It only happens
when all {�i}-terms are combined into functions of �(a) that
is only a lottery.

MM: There are two ways of obtaining �(a) = 0: either
{�i} = 0 or a(µ) = a⇤, where a⇤ is a constant - the fixed point
value, �(a⇤

) = 0. As I emphasize above, the latter is not what
we are considering. Let me elaborate. The fixed point theory
is a conformal field theory (CFT) - the coupling does not run.
In a CFT it does not make sense to set the scale, since the
theory is scale-invariant (a = a⇤ on all scales). Moreover, the
CFT is not asymptotically free, so we cannot even consider
observables computed in perturbation theory - it has no well-
defined perturbative limit. So, to me it does not make sense
to consider nor discuss this case in the context of the scale

setting problem. Therefore, �(a) = 0 can only mean {�i} = 0

in the context we are considering.
In fact, by setting � = 0 directly, we must demonstrate the

{�i}-terms in the coe�cient functions ri are eliminated simul-
taneously. This point has also been discussed in my previous
letters, but it has not been discussed so far.

MM: I do not understand this last comment?

III. SETTING THE PMC SCALES

The expression in Eq. (15) explicitly shows the pattern
of �i terms appearing in the coe�cients at each order.
That is, if we forget about any reference scheme, the
expression for ⇢ in any scheme will take the form:
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where ri,0 are the conformal part of the coe�cients.
MM: Note that I in this expression have assumed/inferred

some relations between the coe�cients e.g. the �0a(Q)

2 co-
e�cient and the �1a(Q)

3 are equal etc... It follows from Eq.
(15) and I have checked that it is indeed correct for Re+e�!h.
I think this holds for any observable?
We have as before for simplicity of the expression set

µ = Q, but this is not the final expression. We must
set the scale at each order in such a way to absorb all �i

dependencies into the running coupling. The problem is
now to understand which terms should be absorbed into
which scales. We can use R� to provide the solution. In
deriving Eq. (15) we made an equal scale displacement
of each running coupling. To see from where each � ap-
peared, we put a dummy index on the displacement of
each coupling to track its origin. The result is:
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This immediately shows us which terms should be ab-
sorbed into which running coupling, e.g. we must resum
all �

1

dependency into a
1

etc.. In the end one can remove
the dummy index on the couplings since they were put
only to display the correct resummation pattern.

MM: I must emphasize here that the BLM procedure is
only and approximation to PMC as can be seen above, i.e.
besides the fact that ri,0 depend explicitly on Nf one can also
now observe that e.g. there is an N2

f term coming from �1�0

at order a4 which must be absorbed into a1 - If I have un-
derstood BLM correctly, at this order you absorb only all N3

f

dependency into a1, right?

General result for an observable in any R� renormalization scheme:

PMC scales thus satisfy

M. Mojaza, Xing-Gang Wu, sjb

3

Preliminary
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Application C: Scale setting for R(Q) at NNLO

C is for singlet contribution and is small

As usual, we set C=0

application X-G Wu, sjb

BLM/PMC Scale-Setting for  R(Q)
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Discussions

• If taking the experimental results for R(Q)

application

X-G Wu, sjb
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Application D: Scale setting for top-pair production 
at NLO - needs NNLO nf-terms

(Rough results; To Be Continued)

Main Point: The expansion coefficients also include
factorization scale-dependence, heavy-quark mass dependence, 

how to improve the PMC/BLM procedure?

application

X-G Wu, sjb
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A) Total cross-section

Parton luminosity

Subprocess
Cross-Section

NNLO

Hadronic
Cross-Section

LO NLO NNLO

X-G Wu, sjb
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PMC scale-setting

NLO

NNLO

first step

second step

Sommerfeld rescattering

X-G Wu, sjb
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LO PMC scale

NLO PMC scale

perturbative
series

general formula

determines  LO 
determines  NLO 
determines  LO 
determines  NLO 

qq channel scale
qq channel scale
gg channel scale
gg channel scale

� �
� �
� �
� �

slight change for gg-channel

very important dip

most important
greatly improve the 

NLO estimation

Q-initial scale

X-G Wu, sjb
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A proper NLO scale is clearly very important !

especially to understand the ttbar-asymmetry

X-G Wu, sjb
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19

� � 0.118 0.001s zmD  r

Tevatron LHC

This shows the conventional scale mt is a lucky guess.
“Lucky guess” for total rate

Conventional scale choice: mt X-G Wu, sjb



 

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

Using conventional guess for 
renormalization scale and range

Experimental asymmetry

PMC Prediction

73
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around 1V-error is obtained

HP

CDF

PMC
PMC

PMC

X-G Wu, sjbPMC:    ~1 sigma from experiment
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why the conventional scale-setting gives small asymmetry ?

dominant asymmetric qq channel�

NLO

~20%

X-G Wu, sjb



 

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

Scale-Setting procedure for QCD 
must be applicable to QED

76

CF =
N2
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Principle of Maximum Conformality

Xing-Gang Wu 
Leonardo  di Giustino, SJB

Shift scale of αs to µPMC
R to eliminate {βR

i }− terms

Conformal Series

Choose renormalization scheme; e.g. αR
s (µ

init
R )

Choose µinit
R ; arbitrary initial renormalization scale

Identify {βR
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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Using intense X-ray beams, scientists will search for characteristics of the
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» read more
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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution
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corpse sweeps a beam of gamma-rays toward Earth. This object, known as a
pulsar, is the first one known to "blink" only in gamma rays, and was
discovered by the Large Area Telescope (LAT) onboard NASA's Fermi Gamma-
ray Space Telescope, a collaboration with the U.S. Department of Energy
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I. BLM/PMC provides self-consistent way to set the effective   
scales, which leads to scheme-independent result. QCD is
not confromal, however one can use the PMC  to convert a   
PQCD series with the corresponding conformal QCD series. 

II. After PMC/BLM, one can use the Mellin-space analysis
to compute the conformal QCD correlators and amplitudes.
To be considered.

III. A combination of BLM/PMC to Extended-RGE can be used

to derive a precise QCD estimation.

IV. Top-pair production total cross-section agree with exp data. 

V.  Top-pair asymmetries are within 1V-error. SM is OK ?

VI. More applications, such as Higgs production, will appear.

Fitzpatrick
JHEP 1111 (2011) 095

Summary and Outlook
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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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Commensurate Scale Relations
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Gauge Principle:  
Physical Observables cannot depend on the choice 

of gauge

Renormalization Group Principle:  
Physical Observables cannot depend on the choice 

of scheme

The conventional method of guessing the renormalization 
scale and range cannot be justified:    It introduces an 

unnecessary uncertainty in QCD predictions

PMC Scale-Setting Satisfies all Principles of the 
Renormalization Group
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Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory

x =
k+

P+
=

k0 + k3

P 0 + P 3

Bethe-Salpeter WF integrated over k- 

n = 3

Square:  Structure Functions 
Measured in DIS

k± = k0 ± kz
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Light Front Holography: Unique mapping derived from equality 
of LF and AdS formulae for bound-states and  form factors
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de Teramond, sjb

Light-Front Holography 
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Frame Independent!
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U is the exact QCD potential 
Conjecture: ‘H’-diagrams generate 

U(�, S, L) = ⇥2�2 + ⇥2(L + S � 1/2)



 

Prediction from AdS/QCD: Meson LFWF
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⇥M(x, Q0) ⇥
�

x(1� x)

⇤M(x, k2
⇤)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ�

massless quarks
Note coupling 

k2
�, x

⇤M (x, k⇥) =
4⇥

�
�

x(1� x)
e
� k2

⇥
2�2x(1�x)

Use Light-Front Wavefunctions from AdS/QCD to
eliminate the Factorization-Scale Ambiguity 

J. Day, sjb



QCD Myths
• Anti-Shadowing is Universal

• ISI and FSI are higher twist effects and universal

• High transverse momentum hadrons arise only from 
jet fragmentation  -- baryon anomaly!

• heavy quarks only from gluon splitting

• renormalization scale cannot be fixed

• QCD condensates are vacuum effects

• Infrared Slavery

• Nuclei are composites of nucleons only

• Real part of DVCS arbitrary
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QCD Lagrangian

Hadron  Masses and Observables

Lattice Gauge Theory Light-Front Hamiltonian

DLCQ

 Predict Hadron Properties from First Principles!

Effective Field Theory 
Methods

SCET, ChPT, ...

PQCD
Evolution Equations

Counting Rules

AdS/QCD!

Light-Front 
Holography

Bound-State 
Dynamics!

Confinement!

Principle of Maximum 
Conformality
Scale Setting
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