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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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• 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 

αs(Q2)

Goals
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Electron-Electron Scattering in QED

t u

This is very important!

This is very important!

This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Gell-Mann--Low Effective Charge
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map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...

» read more

July 9, 2008

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

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

» read more

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

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

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

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

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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• 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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some small value !E, so that A!!;!E" is free from the
infrared singularities.

Part of the results presented here were previously de-
rived in paper of one of us (E. A. K.) in Ref. [2], and
partially published in [3].

There are two box-type Feynman amplitudes (Fig. 1).
We calculate only one of them, the uncrossed diagram
(Fig. 1(a)) with matrix element

 Ma # i"2
Z d4k

i#2

"u!q$"Tv!q%" & "v!p%"Zu!p$"
!!"!Q"!P%"!P$"

;

!!" # !k$ !"2 $m2
e; !Q" # !k$Q"2 $m2;

!P'" # !k( P"2 $ $2;

(6)

with $-’’photon’’ mass and

 T # %"!k̂$ Q̂%m"%&; Z # %&!k̂$ !̂"%";

! # 1
2
!p% $ p$"; Q # 1

2
!q% $ q$";

P # 1
2
!p% % p$":

(7)

We will assume

 m2 # s
4
!1$ &2" ) s)$t)$u: (8)

The explicit form of the kinematical variables used
below is:

 !2 # $P2 # $ s
4
; Q2 # $ 1

4
s&2;

' # !Q # 1
4
!u$ t";

u # !p$ $ q%"2 # $ s
4
!1% &2 % 2&c";

t # !p$ $ q$"2 # $ s
4
!1% &2 $ 2&c":

(9)

The contribution to the cross section of the amplitude
arising from the crossed Feynman diagram (Fig. 1(b)),
Mb, can be obtained from Ma by the crossing relation

 

d'a!s; t"
d#(

# $ d'b!s; u"
d#(

; (10)

which has the form

 

d'a!s; t"
d#(

# &"3

2#s2
Re*R!s; t"+; (11)

with
 

R!s; t" #
Z d4k

i#2

1
!!"!Q"!P%"!P$"

1
4
Tr*!q̂$ %m"

& T!q̂% $m"%(+
1
4
Tr!p̂%Zp̂$%(": (12)

The scalar, vector and tensor loop momentum integrals are
defined as:

 J; J(; J() #
Z d4k

i#2

1; k(; k(k)
!!"!Q"!P%"!P$"

(13)

Using symmetry properties, the vector and tensor integrals
can be written as:

 J( # J! , !( % JQ ,Q(; (14)

 J() # K0g() % KPP(P) % KQQ(Q) % K!!(!)

% Kx!Q(!) %Q)!(": (15)

The quantity R!s; t" can be expressed as a function of
polynomials Pi as:
 

R # P1J% P2J! % P3JQ % P4K0 % P5K! % P6KQ

% P7KP % P8Kx; (16)

where the explicit form of polynomials is given in
Appendix A. Using the explicit expression for the coeffi-
cients J!; . . . ; Kx (See Appendix B) we obtain
 

R!s; t" # 4!'$!2"!2'$m2"F% 16!'$!2"!'2 % !!2"2

$m2!2"J% 4*!!2"2 $ 3!2'% 2'2 $m2'+FQ
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%'2 $ 2m2!2+HQ; (17)

with the quantities F-HQ given in Appendix B. Finally
the charge-odd part of differential cross section has the
form
 !
d'e "e

virt!s;t"
d#(

"
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#$"3&

2#s
Dann;

Dann#1
s
*R!s;t"$R!s;u"+
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"
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s
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(18)
FIG. 1. Feynman diagrams for two-photon exchange in e "e !
( "( process: box diagram (a) and crossed box diagram (b).

KURAEV, BYTEV, BYSTRITSKIY, AND TOMASI-GUSTAFSSON PHYSICAL REVIEW D 74, 013003 (2006)

013003-2

 !" ! !!E: (25)

The calculation of the soft photon integral with !<!"
can be performed using t’Hooft and M. Veltman approach
(see [5], Section 7). We find
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(26)

which is in agreement with Ref. [4].
The charge asymmetry for e&# scattering have a form:
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(27)

The function " is shown in Fig. 2 as a function of cos(e
for given E=m.

The odd contributions to the differential cross section for
the process e% % e" ! #% %#", due to soft photon
emission, has the form:
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Again, the integration must be performed in the special
frame S0, where #p% % #p" " #q% ! #q" % #k ! 0. In this
frame we have
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In the elastic case E" "el% ! 0 and the photon energy in
the Lab system is

 !E ! "el% " "% ! m
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!": (30)

The t’Hooft-Veltman procedure for soft photon emission
contribution leads to:
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The total contribution (virtual and soft) is free from infra-
red singularities and has the form
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The quantity &#s; cos($ is presented in Fig. 3.
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 !" ! !!E: (25)

The calculation of the soft photon integral with !<!"
can be performed using t’Hooft and M. Veltman approach
(see [5], Section 7). We find
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which is in agreement with Ref. [4].
The charge asymmetry for e&# scattering have a form:
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The function " is shown in Fig. 2 as a function of cos(e
for given E=m.

The odd contributions to the differential cross section for
the process e% % e" ! #% %#", due to soft photon
emission, has the form:
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Again, the integration must be performed in the special
frame S0, where #p% % #p" " #q% ! #q" % #k ! 0. In this
frame we have
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In the elastic case E" "el% ! 0 and the photon energy in
the Lab system is
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The total contribution (virtual and soft) is free from infra-
red singularities and has the form
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I. INTRODUCTION

The motivation of this work is to give an accurate
description of the process e !! ! e !!""#, e !e ! ! !!""# in
frame of QED, in order to provide a basis for the compari-
son with experimental data. High precision experiments on
the processes e !e ! # !# are planned in future c! # facili-
ties. Moreover, the possibility of colliding e! beam facili-
ties has been discussed in framewok of programs on
verification of standard model (SM) prediction.

Charge-odd and backward-forward asymmetries appear
naturally from the interference of one and two-photon
exchange amplitudes in frame of QED and SM due to
Z0-boson exchange in Born approximation. But at the
energy range reachable at c! # factories, the relevant
contribution of SM type is [1]:

 

d$odd
Z

d$QED
$ s

M2
Z
avaa $ 5 % 10!5; 3<

!!!
s

p
< 5 GeV:

(1)

which is quite small compared to QED effects.
The accuracy of results given below is determined by

 O
"
m2

e

m2
!
;
m2

e

m2
#

#
& 0:1% (2)

and the contribution of higher orders of QED %=& $
0:5%. Moreover we assume that all the velocities of the
final heavy particles are finite in the annihilation as well as
in the scattering channels. This is the reason why Coulomb
factors are neglected.

Our paper is organized as follows. In Secs. II the anni-
hilation channel and the scattering channel e !e ! ! !! are
considered in Secs. II and III, respectively. In Sec. IV we
take into account the soft photon emission and construct
charge-odd and forward-backward asymmetries. Explicit

form for additional structure G3 for annihilation channel is
given in Sec. V. In Sec. VI the one-spin asymmetries are
investigated. The results are summarized in the
Conclusions.

II. PROCESS e' ' e! ! !' '!!""#
At first, we consider the process of creation of !'!!

pairs in electron-positron annihilation:

 e'"p'# ' e!"p!# ! !'"q'# '!!"q!#: (3)

The cross-section in the Born approximation, can be writ-
ten as:

 

d$B

dO!!
( %2

4s
'"2! '2 ' '2c2#; (4)

with s ( "p' ' p!#2 ( 4E2, '2 ( 1! 4m2

s , E is the elec-
tron beam energy in center of mass reference frame (im-
plied for this process below), m, me are the masses of muon
and electron, c ( cos(, and ( is the angle of !!-meson
emission to the electron beam direction.

The interference of the Born amplitude

 MB ( i4&%
s

!v"p'#"!u"p!# !u"q!#"!v"q'#;

with the box-type amplitude MB, results in parity violating
contributions to the differential cross section, i. e. the ones,
changing the sign at ( ! &! (,. As a consequence of
charge-odd correlations we can construct:

 A"(;"E# ( d$"(# ! d$"&! (#
d$B"(#

: (5)

Here we take into account as well the emission of an
additional soft real photon with energy not exceeding
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The relevant asymmetry can be constructed from (5)

 A ! 4!
"

!: (34)

V. DERIVATION OF THE ADDITIONAL
STRUCTURE: ANNIHILATION CHANNEL

Let us start from the following form of the matrix
element for the process e"#p"$ " e%#p%$ ! #"#q"$ "
#%#q%$ in presence of 2$ exchange:
 

M2 !
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&
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m
$#P̂" 4

1
s
G3#̂Q#

"
v#q"$; (35)

where the amplitudes Gi are complex functions of the two
kinematical variables s, and t.

To calculate the structure G3 from the 2$ amplitude (see
Eq. (6)), both Feynman diagrams [Figs. 1(a) and 1(b)] must
be taken into account. Similarly to Sec. II, only one of them
can be calculated explicitly (the uncrossed one), whereas
the other can be obtained from this one by appropriate
replacements.

To extract the structure G3 we multiply Eq. (35) sub-
sequently by
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(36)

and perform the summation on fermions spin states.

Solving the algebraic set of equations we find
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here c ! cos' and
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(38)

The explicit value for Ga
3 is:
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The contributions from the crossed Feynman diagram can
be obtained from Eqs. (39) by:

 #Ab;Bb;Cb$crossed!%'Aa;Ba;Ca#cos'!%cos'$(uncrossed:
(40)

As one can see, in the quantities G1, G2, and G3 infrared
divergencies are present.

For clearness let us show explicitly the cancellation of
infrared divergences of box (as in form of Eq. (35))-Born
interference with soft photon contribution.

The infra-red divergent parts of Ga
i can be written in the

form:
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The expression for J is given in Eq. (B1). The interference
of uncrossed photon box amplitude with the Born one can
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I. INTRODUCTION

The motivation of this work is to give an accurate
description of the process e !! ! e !!""#, e !e ! ! !!""# in
frame of QED, in order to provide a basis for the compari-
son with experimental data. High precision experiments on
the processes e !e ! # !# are planned in future c! # facili-
ties. Moreover, the possibility of colliding e! beam facili-
ties has been discussed in framewok of programs on
verification of standard model (SM) prediction.

Charge-odd and backward-forward asymmetries appear
naturally from the interference of one and two-photon
exchange amplitudes in frame of QED and SM due to
Z0-boson exchange in Born approximation. But at the
energy range reachable at c! # factories, the relevant
contribution of SM type is [1]:
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which is quite small compared to QED effects.
The accuracy of results given below is determined by
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and the contribution of higher orders of QED %=& $
0:5%. Moreover we assume that all the velocities of the
final heavy particles are finite in the annihilation as well as
in the scattering channels. This is the reason why Coulomb
factors are neglected.

Our paper is organized as follows. In Secs. II the anni-
hilation channel and the scattering channel e !e ! ! !! are
considered in Secs. II and III, respectively. In Sec. IV we
take into account the soft photon emission and construct
charge-odd and forward-backward asymmetries. Explicit

form for additional structure G3 for annihilation channel is
given in Sec. V. In Sec. VI the one-spin asymmetries are
investigated. The results are summarized in the
Conclusions.

II. PROCESS e' ' e! ! !' '!!""#
At first, we consider the process of creation of !'!!

pairs in electron-positron annihilation:

 e'"p'# ' e!"p!# ! !'"q'# '!!"q!#: (3)

The cross-section in the Born approximation, can be writ-
ten as:
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s , E is the elec-
tron beam energy in center of mass reference frame (im-
plied for this process below), m, me are the masses of muon
and electron, c ( cos(, and ( is the angle of !!-meson
emission to the electron beam direction.

The interference of the Born amplitude

 MB ( i4&%
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!v"p'#"!u"p!# !u"q!#"!v"q'#;

with the box-type amplitude MB, results in parity violating
contributions to the differential cross section, i. e. the ones,
changing the sign at ( ! &! (,. As a consequence of
charge-odd correlations we can construct:
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Here we take into account as well the emission of an
additional soft real photon with energy not exceeding
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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 -- 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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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...
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Ray Sky
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map in gamma rays. The onboard Large Area Telescope's (LAT) all-sky
image...
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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,
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Features of BLM 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 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!

• In general, BLM scale depends on all invariants

  On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Phys.Rev.D28:228,1983 Lepage, Mackenzie, sjb
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"dinobird" that have eluded all previous scientific analyses...

» read more

October 16, 2008

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

Menlo Park, Calif. - About three times a second, a 10,000-year-old stellar
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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First Gamma-ray-only Pulsar Observation Opens New Window on
Stellar Evolution

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

19

Myths concerning scale setting
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Clearly heuristic. Wrong in QED, Scheme dependent!
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• BLM: Set scale in each skeleton graph to absorb all 
nonzero beta terms.

• In practice easier to set a single global scale

• Consider general hard subprocess:  

• Set of invariants 

• Global scale

• Weights 

Principle of Maximal Conformality
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Privacy Statement - Page Contact

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

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

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases
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Example: Spinless electron-electron scattering
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Scales sum VP to all orders

Remaining O(α2) correction is conformal
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PMC
• PMS/FAC - incorrectly sums conformal terms -- even minimizes physical 

asymmetries!

• 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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Heavy Quark Hadroproduction

52

• Preliminary calculation 
using (massless) results 
for tree level form factor

• Very low effective scale         

much larger cross 
section than         with 
scale 

• Future : repeat analysis 
using the full mass-
dependent results and 
include all form factors
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Heavy Quark Hadro-production
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Expect that this approach accounts for most of the one-loop corrections
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Effective Charges: analytic at quark mass thresholds,  finite at small momenta

Define QCD Coupling from Observables

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

Γ(τ → Xeν)(m2
τ ) ≡ Γ0(τ → ud̄eν)×[1+ατ(m2

τ )
π ]

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

Γ(τ → Xeν)(m2
τ ) ≡ Γ0(τ → ud̄eν)×[1+ατ(m2

τ )
π ]

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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[1 + αR(s∗)
π ][1− αg1(q

2)
π ] = 1

√
s∗ � 0.52Q

[1 + αR(s∗)
π ][1− αg1(q

2)
π ] = 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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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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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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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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Running Coupling from  Modified AdS/QCD

Five dimensional action in presence of dilaton background
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Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

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

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

» read more
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• Similar in spirit to Cornwall’s Effective Gluon mass
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(whether or not the segment is spacelike or timelike).J. D. Bjorken, 
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manifestations of a scale-invariant theory: Bjorken 
scaling, dimensional counting for hard exclusive 
processes

• Conformal window (IR Fixed-Point)

• Use mathematical mapping of the conformal group  
SO(4,2) to AdS5 space
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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

46
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Clearly heuristic. Wrong in QED. Scheme dependent!
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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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  On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

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

Features of BLM 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
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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
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Privacy Statement - Page Contact

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

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

and press, community organizations and the public.

Lastest Press Releases

December 11, 2008

Darwin's Dinobird Fossil Analyzed at SLAC National Accelerator
Laboratory

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

» read more

October 16, 2008

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

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

» read more

October 15, 2008

Stanford Linear Accelerator Center Renamed SLAC National
Accelerator Laboratory

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

» read more

August 26, 2008

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

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

» read more

July 9, 2008

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

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

» read more

» more press releases
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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
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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 

αs(Q2)

Goals


