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Υ → ggg
Υ

g

b

b̄

g

g

Υ

b

b̄

g

g

γ

Υ → γgg

Glueball factoryC=+ 
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Final-State Interactions Produce 
Pseudo T-Odd  (Sivers Effect)

• Leading�Twist Bjorken Scaling!

• Requires nonzero orbital angular momentum of quark!

• Arises from the interference of Final�State QCD                                                  
Coulomb phases in S� and P� waves; Wilson line e�ect; gauge 
independent

• Unexpected QCD E�ect �� thought to be zero!

• Relate to the quark contribution to the target proton                                        
anomalous magnetic moment and �nal�state QCD phases

• QCD Coulomb phase at soft scale

• Measure in jet trigger or leading hadron

• Sum of Sivers Functions for all quarks and gluons vanishes.                                 
�Zero gravito�anomalous magnetic moment: B�0�= 0�

�S ·�p jet×�qi

11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

�*

e– 

quark
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Final�state gluon exchange
produces leading�twist T�odd single�spin asymmetries 

in inclusive electron�positron collisions.

εμνρσS
μ
Λp

ν
Λq

ρ
γ∗p

σ
π.

e+e− → γ∗ → πΛX.

Λ → pπ−

i�SΛ · �qγ∗ × �pπ

Λ reveals its polarization via decay

11-2003 
8680A9

e+
q

g

q– 
e– 

�*

H

e+
q

g

q– 
e– 

�*

H

in Λ rest frame
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Hadronization at the Amplitude Level

e+

e−

γ∗
g

Timelike Pomero�
Large Rapidity Gap Events 

e+e− → H+H− +X

H+

H−
Large Δy = |yH − yX |

C= +    Gluonium Trajectory 

Bjorken, Lu, sjb

Kopeliovich, 
Schmidt, sjb

Crossing analog of Diffractive DIS eH → eH +X
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Timelike Pomeron
Large Rapidity Gap Events 

color-singlet states 

color-singlet states 

Dimensional Counting: 

M2
1

M2
2

J. Bjorken, H. Lu, sjb

M2
1

M2
2

Dq→qgg(z) ∝ (1− z)αR(0)−1 = exp−1
2Δy

Reggeon Exchange  
at small  pair mass

Kopeliovich, Schmidt, sjb

s =
M2

gg+k2⊥
1−z +

M2
qq̄+k2⊥
z =

M2
⊥gg

1−z +
M2

⊥qq̄
z
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Gribov-Lipatov crossing 
at large z

78

Hadronization at the Amplitude Level

τ = x+

u
d

s

Baryon Productio�

e+

e−

γ∗
g

ψ(x,�k⊥, λi)
Λ

s̄

d̄

Counting 
rules 

at large z D(z) ∼ (1− z)2Nspect−1

zD(z) = ±F (x = 1/z)
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Hadronization at the Amplitude Level

e+

e−

γ∗
g

u

d

Higher Fock State:   Proton Production

d̄

u

u

cc̄

ū

ū p
ψ
p
uudc̄c(xi,

�k⊥i, λi)

D(z)u→p+X

Dual momentum distribution of spectators

cc̄ūd̄ reflects proton bound-state structure
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Hadronization at the Amplitude Level

e+

e−

γ∗
g

τ = x+

�Hidden�Color� Components

New Hadronization Mechanism

s̄

s

ψd6(xi, k⊥i, λi)

d
|(uud)8C(ddu)8C >
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nn

|p,Sz>=�
n=3

�n(xi,�k⊥i,�i)|n;�k⊥i,�i>

The Light Front Fock State Wavefunctions

�n(xi,�k⊥i,�i)

are boost invariant; they are independent of the hadron’s energy
and momentum Pμ.

The light-cone momentum fraction

xi =
k+
i

p+ =
k0
i + kzi
P0 +Pz

are boost invariant.

n

�
i

k+
i = P+,

n

�
i

xi = 1,
n

�
i

�k⊥i =�0⊥.

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

Fixed LF time

81

Intrinsic heavy quarks,    s̄(x) �= s(x)

ū(x) �= d̄(x)
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e+

e−

γ∗
g

d

d̄

u

u
c

c̄

ū p
ψ
p
uudc̄c(xi,

�k⊥i, λi)
Intrinsic charm model:  

predict proton at same rapidity as charm quark: high z

Timelike Test of Charm Distribution in Proton

c

D(z)c→pX

X = cūd̄ū

c̄

ū

zD(z)c→pX = Fp→cX(x = 1/z)

Gribov-Lipatov crossing at large z

c

zi ∝ m⊥i =
√
m2
i + k2⊥
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for 
Intrinsic Charm

Measurement of Charm 
Structure  Function 

DGLAP / Photon�Gluon Fusion: factor of 30 too sma�

83

factor of 30 !
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color�Octet Fock State 

• Probability

• Large E�ect at high x

• Greatly increases kinematics of colliders  such as Higgs production 
�Kopeliovich, Schmidt, So�er, sjb�

• Severely underestimated in conventional parameterizations of 
heavy quark distributions �Pumplin�

• Many empirical tests  

PQQ̄ ∝ 1
M2
Q

Pcc̄/p 
 1%PQQ̄QQ̄ ∼ α2
sPQQ̄

Hoyer, Peterson, Sakai, sjb
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• EMC data: c(x,Q2) > 30×DGLAP

Q2 = 75 GeV2, x = 0.42

• High xF pp→ J/ψX

• High xF pp→ J/ψJ/ψX

• High xF pp→ ΛcX

• High xF pp→ ΛbX

• High xF pp→ Ξ(ccd)X (SELEX)

85
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e+

e−

γ∗
g

u

d

d̄

u

u

cc̄

ū

ū p
ψ
p
uudc̄c(xi,

�k⊥i, λi)

D(z)u→p+X

Intrinsic charm model:  predict dual spectator 
charm hadrons at same rapidity as proton: high z

Distribution of spectators  in X reflects proton 
bound-state structure

X = cc̄ūd̄

c
c̄
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Intrinsic Charm Mechanism for 
Exclusive Diffraction Production

xJ/� = xc+ xc̄

Intrinsic cc̄ pair formed in color octet 8C in pro-
ton wavefunction

Collision produces color-singlet J/� through
color exchange

Kopeliovitch, Schmidt, So�er, sjb

RHIC Experiment

Large Color Dipole

p p → J/� p p

Exclusive Di�activ� 
High�XF Higgs Productio�

87
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e+e− → γ∗ → 4jets

Measurement of the strong coupling αS from the four-jet rate
in e+e− annihilation using JADE data
J. Schieck1,a, S. Bethke1, O. Biebel2, S. Kluth1, P.A.M. Fernández3, C. Pahl1,
The JADE Collaborationb

Eur. Phys. J. C 48, 3–13 (2006)

γ∗

e+

+e−

1p

3p2p
3�2�

1�

Jet Physics at BaBar
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Measurement of the strong coupling αS from the four-jet rate
in e+e− annihilation using JADE data
J. Schieck1,a, S. Bethke1, O. Biebel2, S. Kluth1, P.A.M. Fernández3, C. Pahl1,
The JADE Collaborationb

Eur. Phys. J. C 48, 3–13 (2006)

e
-

-
c
-
-

.
o

The theoretical uncertainty, associatedwith missing higher
order terms in the theoretical prediction, is assessed by
varying the renormalization scale factor xµ. The predic-
tions of a complete QCD calculation would be independent
of xµ, but a finite-order calculation such as that used here
retains some dependence on xµ. The renormalization scale
factor xµ is set to 0.5 and two. The larger deviation from
the default value of αS is taken as systematic uncertainty.

Fig. 4.
αS (MZ0)and the χ

2/d.o.f. of
the fit to the four-jet rate as
a function of the renormaliza-
tion scale xμ for

√
s= 14GeV

to 43.8 GeV. The arrows in-
dicate the variation of the
renormalization scale factor
used for the determination of
the systematic uncertainties

xμ = μR√
s

No PMS 

αs(MZ)
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Is there a way to set the 
renormalization scale       ?

The Renormalization Scale Problem

μR

ρ(Q2) = C0 + C1αs(μR) + C2α
2
s(μR) + · · ·

What happens if there are 
multiple physical scales ?

μ2
R = CQ2

1p

3p2p
3�2�

1�
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Conventional wisdom concerning scale setting

• Renormalization scale can be set to any value; e.g.

• Sensitivity to renormalization scale disappears at high order

• No optimal scale

• Ignore problem of multiple physical scales

• Accuracy of PQCD prediction can be judged by taking a range  

• Factorization scale should be taken equal to renormalization 
scale

μR = Q

Q/2 < μR < 2Q

μF = μR

All of these assumptions are fallacious

�only true if mass thresholds are incorporated�
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• No renormalization scale ambiguity!   

• Two separate physical scales.  

• Gauge Invariant.  Dressed photon propagator

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

• If one chooses a di�erent scale, one must sum an in�nite number of 
graphs �� but then recover same result!  

• Number of active leptons correctly set 

• Analytic: reproduces correct behavior at lepton mass thresholds

• No renormalization scale ambiguity!   

92

Electron-Electron Scattering in QED

t u
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Lessons from QED : Summary

• Effective couplings are complex analytic 
functions with the correct threshold structure
expected from unitarity

• Multiple “renormalization” scales appear

• The scales are unambiguous since they are 
physical kinematic invariants

• Optimal improvement of perturbation theory
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1p

3p2p
3�2�

1�

��
321

ˆ
���

μ2
R 
 p2minp

2
med

p2max

H. J. Lu
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3 Scale Effective Charge

�
�

4
),,(~),,(~

2 cbagcba 	
(First suggested by H.J. Lu)



�

�


�

�
�������

�
�

���

1),,(
4
11

),,(~
1

0 cbaL
cba bare

� �,(),,(
4
1

),,(~
1

),,(~
1

00
000

aLcbaL
cbacba

��� �
���

L(a,b,c) = 3-scale “log-like” function

), 00 cb

L(a,a,a) = log(a)
38

Binger, sjb
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Properties of the Effective Scale

),,(),,( 22 cbaQcbaQ effeff ����

),,(||),,( 22 cbaQcbaQ effeff ���� �

||),,(2 aaaaQeff �

||54.5),,(2 aaaaQeff ���

||||for||08.3),,(2 caccaaQeff ���

||||for||8.22),,(2 caccaaQeff ����

|||,|||for
||
||8.22),,(2 cba

a
bccbaQeff ���

41

Surprising dependence on Invariants

Binger, sjb
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Features of BLM Scale Setting

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

• Identical procedure in QED

• Resulting series identical to conformal series 

• Renormalon n! growth of PQCD coe�cients 
from beta function eliminated!

• In general, BLM scale depends on all invariants

 On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Phys.Rev.D28:228,1983Lepage, Mackenzie, sjb
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Kramer & Lampe
Three-Jet Rate

Other Jet Observables:  Rathsman
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Summary and Future

• Multi-scale analytic renormalization
based on physical, gauge-invariant
Green’s functions

• Optimal improvement of perturbation 
theory with no scale-ambiguity since
physical kinematic invariants are the 
arguments of the (multi-scale) couplings 

Elimination of Renormalization 
Scale Ambiguity
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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

crossed++=

= 0
jet

jet

p
T

T

p

proton

proton

C

C

= 0

where

MS
QQQR MM or��

Heavy Quark Hadro-production

Q

Q

Expect that this approach accounts for most of the one-loop corrections
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-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Log_10�q�GeV��

0.5

1

1.5

2

2.5

3
Α
s
�
q
�

Lattice simulation 
�MILC�

Schwinger�Dyson

Infrared-Finite QCD Coupling?

Furui, Nakajima

PQCD Asymptotic freedom 

DSE: Alkofer, Fischer, von Smekal et al.
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γ∗

e+

e� kg

c

c

c

c

Production of four heavy-quark jets

Defines analytic QCD effective charge

  time-like values not same as space-like
coupling similar to  “pinch” scheme

complex for time-like argument

M. Binger, sjb

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2g )

α4Q(k2g )
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Define QCD Coupling from 
Observable

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

103

E�ective Charges: analytic at quark mass thresholds,  �nite at small momenta

Pinch scheme: Cornwall, et al
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QCD Effective Coupling from
hadronic � decay

Menke,Merino,Rathsman,SJB

104
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 Eliminate MSbar, 
Find Amazing Simpli�cation
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√
s∗ 
 0.52Q

[1 + αR(s∗)
π ][1− αg1(q

2)
π ] = 1

Generalized Crewther Relatio�

Conformal relation true to all orders in 
perturbation theory

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

Analytic matching at quark thresholds
No renormalization scale ambiguity!

Lu, Kataev, Gabadadze, Sjb
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QCD Opportunities at BaBar
• Fundamental tests of hadron structure, dynamics, and 

wavefunctions

• Tests of novel nonperturbative and perturbative QCD 
phenomena

• Hadronization at the amplitude level

• Scale��xed predictions, commensurate scale relations

• Tests of AdS/CFT holography

• Production of  new gluonium, heavy quark, and C=+ 
states

• Novel di�raction, spin, and fractional charge tests
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• Photon�Photon Collisions �� real and virtual

• Photon structure functions

• Upsilon decay: ggg, gg factory

• Heavy quark phenomena

• Spin correlations

• Need high luminosity continuum data as well as 
radiative return

• Fully exploit BaBar capabilities

108

QCD Opportunities at BaBar


