Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

FQ) = g. / 4¢ J(Q, Ol (O],
F QY = g / 4¢ J(Q, - (O

where the effective charges g4+ and g_ are determined from the spin-flavor structure of the theory.

e Choose the struck quark to have S = +1/2. The two AdS solutions ¥4 ({) and 1 ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ 7Q. 0w+
@) = —3 [ dCIQ0) [l6+(O)F ~ ()],

where 7 (0) = 1, F7*(0) = 0.

Conformal Template Stan Brodsky
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e Scaling behavior for large Q?: Q4Ff(Q2) — constant |Proton 7 =3

9-2007
8757A2 Q? (GeVz)

SW model predictions for £ = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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e Scaling behavior for large Q%: Q*F(Q?) — constant | Neutron 7 = 3

0 10 20 30
9-2007
8757A1 Q? (GeVZ)

SW model predictions for kK = 0.424 GeV. Data analysis from M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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UCLA: Cornwall Symposivum 51 S aAn



Spacelike Paudi Form Factor

Preliminary
From overlap of L =1 and L = 0 LEWF's
2
[ Harmonic Oscillator Confinement
Normalized to anomalous |
_ moment
1.5¢
| AdS/QCD No-
chiral

k= 0.49 GeV divergence

L o
Q) =1+ O
in chiral perturbation theory

0.5+
| G. de Teramond, sjb
oh T . .,
0 1 2 3 4 5 6
Q?(GeVv?)
Conformal Template Stan Brodsky
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Goal: First Approsimant
to-QCD
Couwnding rules for Hard Exclusive

Scatlering
Regge Trajectories

QCD at the Amplitude Level

String Theory

AdS/CFT

AdS/QCD

Mapping of Poincawe’ and Conformal SO
(4,2) symwmetries of 3+1 space
to- AdS5 space

Conformal Inwawionce + Confinement at
large distances

Semi-Classical QCD '/ Wave Equations

!

Light Front Holography

Boost Inwariant 3+1 Light-Front Wave Equations

J=0,1,1/2,3/2 plus L

+

Integrable!

Hadrow Spectra, Wawvefunctions, Dynamics

UCLA: Cornwall Symposinmy
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Ruwnwning Coupling from Modified AdS/QCD

Deur, de Teramond, sjb

Five dimensional action in presence of dilaton background

1 1
S=—7 / d*zdz\/g e¢<2>g—2
5)

Define an effective coupling (s (Z )

G?  where VI = (g)5 and ¢(z) = +rK2*

I N L o
S = 7 /d azdz\/gg%(z)G
Thus - = e?) L or g2(z) = e * * ¢2(0)

gz (2) gz (0)

Light-Front Holography: 2z — ( = b \/:E(l — :E)

as(q?) ~ /OOO CdCJo(CQ)as(¢)  Where ag(2) = e ™ * a,(0)

54



Runwning Coupling from AdS/QCD

normalization

] e -

Deur, de Teramond, sjb
(preliminary)

0.8 —

I OzAdS(Q)/T(‘ _ 6—Q2/4H

as(Q) INg

0.6 — { I
7-‘- : ® ® “ |i|
- AdS/QCD L HH
04 L LF Holography | | || ‘
L o, /7t (pQCD) |
i o, /1t world data
------- GDH limit |
02 - ¢ o, /m OPAL % | ‘* 3 T
A JLab CLAS PLB 665 249
B Hall A/ICLAS PLB 650 4 244 I il MO
0 - ® Lattice QCD X .,/ !
| | | | ‘ |
10" ] 10
0 (GeV)
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B(Q)

-0.25

-0.5

-0.75

-1.25

-1.5

-1.75

-2.25

: NI | {

B Hall AICLAS PLB

L K o/ | 650 4 244

- @ Lattice QCDD tlT A JLab CLAS PLB

- AdS/QCD LF I 665 249

- Holography — ||[||| ~— GDH sum rule

: constraint on a.

- ‘ o, /1t (pOQCD)
107 )i

Deur, de Teramond, sjb,
(preliminary)

10



Deur, de Teramond, sjb,
(preliminary)

—~ N
X 0000000000000 0.

b= E RO 00

A - dotetetetetete ek e a0 020 020 2020 00 00

XX T TTAWAVAVAVAY

TR

0
o
[

25

. /) — AdS/QCD LF Holography

L -AdS/QCD with
B O o7 extrapolation

g B o ol Jlab+PQOCD+sum rules - Lattice QCD
| I ’ | L | L | I | I | I R | I | [

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r(fm)
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Applications of Nonpertuwrbative Running
Coupling from AdS/QCD

e Sivers Effect in SIDIS, Drell-Yan
* Double Boer-Mulders Effect in DY
e Diffractive DIS

* Heavy Quark Production at Threshold

AW irwolve gluow exchange at small

momentuwm troansfer

Conformal Template Stan Brodsky
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The Renormaligatiow Scale Problemy

p(Q%) = Co + Cras(ur) + Caaz(ug) + -
ug = CQ?

ILs there av way to-set the p .
renormalization scales MR ? 1

What happens if there are
nultiplephysicalscales 7 P mp,

Conformal Template

Stan Brodsky
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PHYSICAL REVIEW D VOLUME 28, NUMBER 1 1 JULY 1983

On the elimination of scale ambiguities in perturbative quantum chromodynamics

Stanley J. Brodsky
Institute for Advanced Study, Princeton, New Jersey 08540
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305*

G. Peter Lepage
Institute for Advanced Study, Princeton, New Jersey 08540
and Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853*

Paul B. Mackenzie
Fermilab, Batavia, Illinois 60510
(Received 23 November 1982)

We present a new method for resolving the scheme-scale ambiguity that has plagued perturbative
analyses in quantum chromodynamics (QCD) and other gauge theories. For Abelian theories the
method reduces to the standard criterion that only vacuum-polarization insertions contribute to the
effective coupling constant. Given a scheme, our procedure automatically determines the coupling-
constant scale appropriate to a particular process. This leads to a new criterion for the convergence
of perturbative expansions in QCD. We examine a number of well known reactions in QCD, and
find that perturbation theory converges well for all processes other than the gluonic width of the Y.
Our analysis calls into question recent determinations of the QCD coupling constant based upon Y

decay.
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Electron-Electrow Scaltering inv QED

a(t) = (0)

T—M1(2)
Gell Mann-Low Effective Charge

Conformal Template Stan Brodsky
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QED tffective Charge

(0O
a(t) = 1255

Al-ovdery lepton loop corrections to-dressed photon propagator

10 10) = TR0

Initial scale t, is arbitrary -- Variation gives RGE Equations
Physical renormalization scale t not arbitrary

Conformal Template Stan Brodsky
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Another Example inv QED: Muonic Atoms

2
o\ . Zagpp(g)
V(ge) = ¢ 2
q
2 — 2
Hpr =
oy _ agpep(0)
aQrp(4”) = 15702
Scale is unique: Tested to ppm
Gyulassy: Higher Order VP verified to
0.1% precision in u Pb
Conformal Template Stan Brodsky
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Electron-Electrow Scaltering inv QED

* No renormalization scale ambiguity! M (+: ++) = 8ms a(t) + 87s ()
ee—ee 3 _ T -
t U

* 'Two separate physical scales: t, u = photon virtuality

e (Gauge Invariant. Dressed photon propagator

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

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

* Number of active leptons correctly set

* Analytic: reproduces correct behavior at lepton mass thresholds
* No renormalization scale ambiguity!

* 'Two separate physical scales.

e Gauge Invariant. Dressed photon propagator

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

Conformal Template Stan Brodsky
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Corwentional wisdomw concerning scale setting
* 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
pRr = Q

e with an arbitrary range Q/2 < up <2Q

* Factorization scale should be taken equal to
renormalization scale up = up

These assumptions are untrue inv QED
ond thus they coumnot be true for QCD!

Conformal Template Stan Brodsky
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Heavy Quark Hadroproduction

- p #0
j 3-gluon
proton —)—O/)Q coupling

depends on 3
physical scales

Conformal Template Stan Brodsky
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Features of BLM Scale Setting

On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

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

* 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 coefhicients from beta function eliminated!

* In general, BLM scale depends on all invariants

Conformal Template Stan Brodsky
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BLM Scale Setting

ﬂQ: 11—%71]0

a<(Q) ’
p=Coags(Q) [14+———(—3BoAve 3t T Avp+B)
L ne dependent
by quark loop VP
s Q*) contribution
p=C0aﬁ§(Q*) T+ ) ’
' X

where

Q* =Q exp(3AVP) ’
Cl=5Ayp+B.

Conformal coefficient - independent of (3

The term 334yp /2 in C] serves to remove that part of the
constant B which renormalizes the leading-order coupling.
The ratio of these gluonic correctlons to the light-quark

corrections is fixed by Bp=11— -—n £ Use skeletovy expansion
Gardi, Grunberg, Rathsman, sjb

Conformal Template Stan Brodsky
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0 0.05 0.10 0.15
y Kramer &

Thwee~Jet rate inv electiron-positron ocmmnmihilatiov Lampe

The scale u/+/s according to the BLM
(dashed-dotted), PMS (dashed), FAC (full), and ,/y (dot-
ted) procedures for the three-jet rate in e™e™ annihilation, as
computed by Kramer and Lampe [10]. Notice the strikingly
different behavior of the BLM scale from the PMS and FAC
scales at low y. In particular, the latter two methods predict
increasing values of p as the jet invariant mass M < /(ys)

decreases.
Other Jet Observalbles: Rathsman
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Q

Hoang, Kuhn, Teubner, sjb

a(s3%) 7
] 4+ —m—_——
* 40

Example of Multiple BLM Scales

Angular distributions of massive quarks and leptons close to threshold.

Conformal Template Stan Brodsky
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Relate Obsevvalbles to-Tach
Other

e Eliminate intermediate scheme
* No scale ambiguity

e 'ITransitive!

e Commensurate Scale Relations

* Example: Generalized Crewther Relation

Conformal Template Stan Brodsky
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Define QCD Coupling fromv
O b}?/t/'\/al)l?/ Grunberg

R+ . (s)= 3qug [1 + OéRW(S)]

(7 — Xev)(m2) = Fo(r — uder) x [142707)]

Commensurate scale relations:
Relate observable to observable at commensurate scales

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

H.Lu, Rath b
Pinch scheme: Cornwall, et al U, Rathsmdn, sj

Conformal Template Stan Brodsky
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Relate Observalbles to-Each Other

* Eliminate intermediate scheme
* No scale ambiguity

® Transitive!

e Commensurate Scale Relations
* Conformal Template

* Example: Generalized Crewther Relation

| C!R(Q) |
R . _(QH)=3 3 e |1+ :
flavors \ T J
1 -
11ga ag, (Q)
d ep ’ 2y _ _en ] = 21228 |1 — &
/(; L [gl ('T’. Q ) g1 (SU,Q )] 3 ng T ]
Conformal Template Stan Brodsky
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x(Q) _ a——i(cz) _f’} Q)) [ (_ ) __.43) - Lops (-g ; 43) fJ
90445 2737 121 127
{ 575 §3 _ _§5 ~ 135" ) C2 + (—Zé— — 114—2?,-(3 —Cs) CaCr — :.))ECF
970 | 224 11 29 19 1
[( _C5+T6§7r2) CA+<—§E+FC3_§"C5) CFJf
2
151 1 2 (A1 1,7 detede (Zf @ ) |
(162 “~ 108" ) P (m B 5C3) Crd(R) 3:Q} [
2:(Q) _ ows(Q) | (ows(@))"[2B,, _Te, L f]
T 71' m 8 3
5437 1241 11 1
+ { rYr “—Cs) (—‘2‘3? + —Q‘CS) CaCF + 320F

3535 1 133 115
[(_%—5@ —-Cs) Ca+ (864 —Cs) ]f é‘a*gfz}

Eliminate M Sbar,
Find Amazing Simplification
Conformal Template Stan Brodsky
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O!R(Q) |

R, (0H)=3 3 e |1+

flavors T
1 - w—
e 1 ga 8 (Q)
d:B e T, 2y en T, 2 = _ |24 1 g1
/0 67" (2, Q%) — oi"(,QY)] = 3 22 |1 - P50

([ T s T

ag, (Q) _ ar(Q*) (aR(Q**))Z N (aR(Q***))3

Geometric Sevies inv Conformadl QCD

Generalized Crewther Relation

Lu, Kataev, Gabadadze, Sjb

Conformal Template Stan Brodsky
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Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

11+ ozR7(Ts*)][1 Ozgl(qz)] — 1

T

Vs* ~ 0.52Q

Conformal relation true to- all ovdersy irv
perturbation theory

No- radiative covrections to- axiod anomaly

Nonconformal terms set relative scales (BLM)
Analytic matching at quark thresholds
No renormalization scale ambiguity!

Conformal Template Stan Brodsky
UCLA: Cornwall Symposivum =6 1AL

0 b M\



Transitivity Property of Renormalization Group

C

AwdpC  CwdpB identicalto AwpB
Relatiow of observables independent of intermediate scheme C

Conformal Template Stan Brodsky
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3 Gluon Vertex In
Scattering Amplitudes

Pinch-Technique approach
fully dress with gauge-invariant Green’s functions

(A)

Conformal Template Stan Brodsky
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The Pinch Technique

(Cornwall, Papavassiliou)

-

self—energy—like projection

self—energy—like projection

E Gauge-dependent

+(2)

mmm@x’@

/\\ Gauge-invariant gluon self-energy!

- o

q-V(p,k)=S"(p)-S (k)

K

-

13

natuwral generalizatiow of QED charge

Conformal Template
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Pinch Scheme (PT)

* J. M. Cornwall, Phys. Rev. D 26, 345 (1982)

* Equivalent to Background Field Method in Feynman gauge
* Effective Lagrangian Scheme of Kennedy & Lynn

* Rearrange Feynman diagrams to satisfy Ward Identities

* Longitudinal momenta from triple-gluon coupling, etc. hit
vertices which cancel (“pinch”) propagators

* 'Iwo-point function: Uniqueness, analyticity, unitarity, optical
theorem

* Defines analytic coupling with smooth threshold behavior

Conformal Template Stan Brodsky
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Binger, sjb

General Structure of the
Three-Gluon Vertex

P
| g A Full omadytico caleulation

I — general masses, spivv
inch Scheme
n e

3 index tensor fﬂlﬂm
with p,+p,+p; =0

built out of g,uv and p;, P,» DP;

. > 14 basis tensors and form factors

PHYSICAL REVIEW D 74, 034016 (2006)

Form factors of the gauge-invariant three-gluon vertex

Michael Binger™ and Stanley 1. Brodsky 5'
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Multi-scale Renormalization of
the Three-Gluon Vertex

gauge-invariant
subset of rad. cor.

coupling at each vertex
absorb the rad. cor.

Conformal Template Stan Brodsky
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The Gauge Invariant
Three Gluon Vertex

Cornwall and Papavassiliou performed The “pinched” parts are added
the PT construction : to the “regular” 3 gluon vertex
O + pinchec
\g \ \ parts
” gauge gauge
Invariant dependent
Conformal Template Stan Brodsky
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Form Factors : Supersymmetric
Relations (Massless)

....but certain linear sums are simple :

d—2
Yoo (F)=——F, +F; - 0 for 7 of the 13 FF’s

2 (in physical basis)

> Simple N=1 SUSY contribution in d=4

Fo+4F,+(10-d)F; =0  Forall FF's!!

> N=4 SUSY in d=4 gives 0

These are off-shell generalizations of relations found in
SUSY scattering amplitudes by
Z. Bern, L.J. Dixon, D.C. Dunbar, and D.A. Kosower (NPB 425,435)

Vanishing sum contribution of the N=4 supermultiplet in d=4 dimensions

Conformal Template Stan Brodsky
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Form Factors : Supersymmetric
Relations (Massive)

Equal masses for massive gauge bosons (MG), quarks (MQ), and scalars (MS)

Fyo+4F,,+O-d)F,; =0

@ > 1d.o.f. “eaten” by MG

Massive gauge boson (MG) inside of loop might be the
X and Y gauge bosons of SU(5), for example

External gluons remain unbroken and massless

d—1
2

206 (F) = Fyo+Fye s simple

Conformal Template Stan Brodsky
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3 Scale Effective Charge

§2 (Cl,b, C) (First suggested by H.J. Lu)
4r

a(a,b,c) =

: : -I——,BO(L(abc)—l—k j

a(a,b c) «, . 4r g

1 1

b T ae @b O Lahc)]

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

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

Conformal Template Stan Brodsky
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3 Scale Effective Scale

L(a,b,c) = log(Qeﬁ(a b c))+zImL(a b,c)

Governs strength of the three-gluon vertex

1 1
a(a,b,c) 05(610 by Co) 477'8°[L(a b.c) = L(ay.by.c, )]

,U1,U2,U3 \/a(a b C)
Generalizalionw of BLM Scale to- 3 -Gluon Vertex

Conformal Template Stan Brodsky
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Properties of the Effective Scale

Qezﬁp (a,b,c) = Qfﬁp (—a,—b,—c)

Qeﬁ(/la Ab, Ac) |2,|Q (a,b,c)

0, (a,a,a)=|a|

Qezﬁp (a,—a,—a)=5.54|a|
Qjﬁf(a,a,c)z3.08|c| for |a|>>|c]|

Qfﬁp(a,—a,c) ~22.8|c| for |al|>>|c]
| be |

a|

Suwrprising dependence ovw Irwawrionty

Qeﬂ(abc) ~22.8—— for |a[>>|b|,|c]
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H. J. Lu

2 2
2 PrinP med
Hp — D2
max
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Heavy Quark Hadro-production

— %< +;K+ crossed

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

Very low effective scale

mmmmmdp much larger cross

section than pz§ with

scale _

Hp =M ,5 or M,
Future : repeat analysis
using the full mass-
dependent results and
include all form factors

Expect that this approach accounts for most of the one-loop corrections
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Unification in Physical Schemes

« Smooth analytic threshold behavior
with automatic decoupling

* More directly reflects the unification of
the forces

* Higher “unification” scale than usual

Conformal Template

Stan Brodsky
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Supersymmetric

SUG)

0‘1_1<Q>

UCLA: Cornwall Symposivumn

27

Binger, sjb

Asymptotic Unification

23

strong, electromagnetic, an
forces in analytic

Asymptotic um"ﬁcatim%pf
weak_

. ] pinch scheme . | -
1016 5 1017 2 5 1018
Q(GeV)

Conformal Template Stan Brodsky
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Conformal Template

e BLM scale-setting: Retain conformal series; nonzero B-terms set multiple
renormalization scales. No renormalization scale ambiguity. Result is scheme-
independent.

* Commensurate Scale Relations based on conformal template

* Pinch Scheme -- provides analytic, gauge invariant, 3-g form factors
* Analytic scheme for coupling unification

* IR Fixed point -- conformal symmetry motivation for AdAS/CFT

* Light-Front Schrédinger Equation: analytic first approximation to QCD

* Dilaton-modified AdSs: Predict Hadron Spectrum, Form Factors, s, B

* Light-Front Wave Functions from Holography
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Congratulations;
Mike/!

For pioneering so many
Importonl Directions
v QCD

Quantum Field Theory and Beyond:
Celebration of Mike Cornwall’s 75th Birthday
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