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Ultraviolet Behavior of Non-Abelian Gauge Theories*

David J. Gross and Frank Wilezek
Joseph Henry Laboratories, Princeton Universily, Princeton, New Jersey 08540
(Recelved 27 April 1973)

It 15 shown that a wide class of non-Abelian gauge theories have, up to calculable loga~
rithmic corrections, freo-field—theory asymptotic behavior. It 1s suggested that Bjorken
sealing may be obtained from strong-interaction dynamics based on non-Abelian gauge
symmetry.

on-Abelian gauge theories have received much attention recently as a means of constructing unified
and renormalizable theories of the weak and electromagnetic interactions.' In this note we repos
an investigation of the ultraviolet (UV) asymptotic behavior of such theories. We have found that they
possess the remarkable feature, perhaps unique among renormalizable theories, of asymptotically ap-
proaching free-field theory. Such asymptotically free theories will exhibit, for matrix elements of
currents between on-mass-shell states, Bjorken scaling. We therefore suggest that one should look to
2 non-Abelian gauge theory of the strong interactions to provide the explanation for Bjorken scaling,
which has so far eluded field-theoretic understandin
e UV behavior of renormalizable field theories can be discussed using the renormalization-group
equations,™* which for a theory mvolving one field (say g¢) are
[m3/om + B(g) /0 ~ny ()] 4 ons P =0, m
T4, is the asymptotic part of the one-pﬂru icle-irreducible renormalized -particle Green's function,
B(&) and »(g) are finite functions of the renormalized coupling constant g, and m is either the renor-
alized mass or, in the case of massless particles, the Euclidean momentum at which the theory is
renormalized.* If we set F,=)q, where ¢ are (nonexceptional) Euclidean momenta, then (1) deter-
mines the A dependence of T

T P )= AT Fle, 050) expl-n [y @l 10 v, @
where f=1na, D is the dimension (in mass units) of "), and , the invariant coupling constant, is the
solution of

dg/at=p®), B 0)=g- @
The UV behavior of T'®) (A =+ ) is determined by the large-f behavior of Z which in turn is controlled
by the zeros of B: Bg,)=0. These nxed  pobaa o e nnermnmm.gmup ‘equations are said to be
UV stable [infrared (IR) stable ] if =g, as {=+= (~=) for F(0) near g,. If the physical coupling con-
Stant 18 in the domain of ttraction of & UY-stable h\ed point,

TG P) 5 AT, ;g )expl-n £l @, 0)- () ddh @

50 that 7(g,)is the anomalous dimension of the [

field. As Wilson has stressed, the UV behavior | vanish, one obtains naive scaling up to finite and

is determined by the theory at the fixed point (s calculable powers of In, and the structure of

=g operator products at short distances is that of

In general, the dimensions of operators at a free-field theory.” Therefore, the existence of

such a fixed point, for a theory of the strong in-
teractions, might explain Bjorken scaling and the
success of naive light-cone or parton-model rela-

canonical dimensions. Recently, it has beenar- tions. Unfortunately, it appears that the fixed

gued for all but gauge theories, that this can only  point at the origin, which is common to all theo-

oceur if the fixed point is at the origin, £,=0, S0 ries, is not UV stable."* The only exception

that the theory is asymptotically free.”" In that  would seem to be non-Abelian gauge theories,

case the anomalous dimensions of all operators  which hitherto have not been explored in this re-
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Y. Nambu and G. Jona- Lasino, Phys. Rev. 122, 345
(1961); 8. Coleman and E. Weinberg, Phys. Kev. D1,
1888 (1973).

1K, Symanzik (to be published) has recently suggested
that one consider a A theory with a negative A to

theory the ground-state energy s unbounded from below
(5. Coleman, private communication) .
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1%, A Bardeen, H. Fritzsch, and M. Gell-Mann,
CERN Report No. CERN-TH-1538, 1972 (to be pub-
lished.

i, Georgl and S. L. Glashow, Phys. Rov. Lott, 28,
1404 (19723, 5. Weinbeng, Phys. Rov. D5, 1902 (1971,
"For a review of this program, see S. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physics, National Accelerator Lubora-

tory, Batavia, Hlinois, 1972 (to be published).

Reliable Perturbative Results for Strong Interactions?*

H. David Politzer
n Physical Laboratories, Harvard University, Cambidge, Massachuselts 02135
(Received 3 May 1973

An explicit calculation shows perturbation theory to be arbitrarily good for the decp
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Renormalization-group techniques hold great
promise for studying short-distance and strong-
coupling problems in field theory."* Symanzik®
has emphasized the role that perturbation theory
might play in approximating the otherwise un-
known functions that occur in these discussions.
But specific models in four dimensions that had
been investigated yielded (in this context) dis-
appointing results.’ This note reports an in-
triguing contrary finding for any generalized
Yang-Mills theory and theories including a wide
class of fermion representations. For these
one~-coupling-constant theories (or generaliza-
tions involving product groups) the coefficient
function in the Callan-Symanzik equations com-
monly called A(g) is negative near

‘The constrast with quantum electrodynams
(QED) might be lluminating. Renormalization «
of QED must be carried out at off-mass-shell
points because of infrared divergences. For
small ”, we expect perturbation theory to be
good in some neighborhood of the normalization
point. But what about the inevitable logarithms
of momenta that grow as we approach the mass
shell or as some momenta go to infinity? In
QED, the mass-shell divergences do not occur
in observable predictions, when we take due
account of the experimental situation. The re-
normalization-group technique* provides a some-
what opaque analysis of this situation. Loosely
speaking,” the effective coupling of soft photons
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goes to zero, compensating for the fact that
there are more and more of them. But the large-
? divergence represents a real breakdown of
perturbation theory. It is commonly said that
for momenta such that ¢*In(»*/m?) ~1, higher
orders become comparable, and hence a calcu-
lation to any finite order is meaningless in this
domain. The renormalization group technique
shows that the effective coupling grows with mo-

enta.

The behavior in the two momentum regimes is
reversed in a Yang-Mills theory. The effective
coupling goes to zero for large momenta, but
as p's approach zero, higher-order corrections

me comparable. Thus perturbation theory

tells nothing about the mass-shell structure of
the symmetric theory. Even for arbitrarily
small &, there is no sense in which the interact-
ing theory is a small perturbation on a free mul-
tiplet of massless vector mesons. The truly
catastrophic infrared problem makes a sym-
metric particle interpretation impossible. Thus,
though one can well approximate asymptotic
Green's functions, to what particle states do
they refer?

Consider theories defined by the Lagrangian

1F,IF iy Dy,

20,40~ 8,4 g [ALSAS,




Roadmap for QCD:

PHYSICAL R

VIEW D

OLUME 8, NUMBER 10 15 NOVEMBER 1973

Asymptotically Free Gauge Theories. I*

David J. Gross'
National Accelevator Laboratory, P. O. Box 500, Batavia, Hlinots 60510
i Jaseph Hewry Laboratovies, Princelon University, Princeton, New Jovsey 08540

Frank Wilczek

Joseph Henry Laboraiories, Princeron Usiversity, Princeson, New Jersey 03540
(Received 23 July 1973)

Asymproticaly froe guuge theores of e siroeg iteractons are coastruciod and anlyzed. The reasoes
renormaliz

foe doing this are recounted, incloding » review of
pplication 10 scaling phenomens. The

ation-group techaiques asd their
group eguations are decived for Yang-Mills

renormalization
theories. The parameters that enter into the equatinns are calculated 10 lowest order and i is shown
constaat,
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of symmetry beraking is discussed. It appears kely that this would Bave  dynsei
Snabed 1t 1 Coege byt i mt B broben ad that e ever Iard agulcitic
peevent the occarrence of noacolor singlee physical staces. The decginelastic struccure functicas, as well

a5 the electran positron tosal ansibilation cross section are
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logarithmic corrections, and the saive light-cone or parcn.medel resuls folow. The

imcorporating scalar mesons and

1. INTRODUCTION

In recent years the renormalization group has
played an increasingly important role in the study

problems of
breaking the symmetry by the Higgs mechanisen are exphined in detail.

Lagrangian). Coupling constants with nogative di-
mensions of mass give nonrenormalizable theo-
ries. If one considers a Green's fanction for
Iarge and spacelike momenta (so as to exclude any

of the asymptotie behavior of flold
thearies. This approach has acquired new impor-

ue to the recent discavery that non-Abelian
gauge theories are asymptotically free.’* In this
paper we shall amplify and extend the rosults ro-
ported in Ref. 1,

The renormalization group dates from the funda-
‘mental work of Gell-Mann and Low, who stadied
the asymptotic behavior of the photon propagator
in quantam electrodynamics. The remarkable
discovory of Gell-Mann and Low was that the as-
ymptotic form of the photon propagator was deter -

by the zeros of a certain, calculable, func-
tion of the coupling constant and not by the actual

Landau sing , then one would expect that
the genoralized mass terms in the Lagrangian
{415 or A¢”) could be neglected. In other words
the leading asymptotic behavior of the Green's
functions should be the same as would be caleulated
SR mhaiiag ek Tl it peonid w any
finite order in perturbation theory, by u
Weinberg's theorem.” The massless ey o
tains no dimensional parameters to set the scale
of momenta, therefore one might expact that the
asympKotie behavior of the amplitudes would be
determined by pure dimensional analysis. This is
called naive or cannonical scaling. It does not

occar in practice, sinco the massless theory does

value of the charge. The

tions were extended by Bogolubov and Shirkov
to the vertex function® and employed to analyze the
ultraviolet and Infrared behavior of quantum elec-
trodynamics ard othor iold theories - (For a
review of this work see Ref. 8.)

The basic idea underlying the renormalization-
group equations is very simple. A renormalizable
fleld theory contains two types of parameters—
‘magsos or coupling constants with positive dimen-
sions of mass (1., dac to )3y o A¢* terms in

) and dimensionless coupling con-
stants (i.e., due to A¢* or F2*yA, terms in the

contain a hidd parameter. This
parameter, j, must be introduced in order to
Perloem the mbiracticns cscteatey lo rescrmaline
the theory and render it finite. Due o infrarec
singularities these subtractions, for the massiess
theory, must be performed off shell, say at some
spacelike momenta p? =~ ., The subtractions
then define the physical coupling constants and the
scale of the fields (which are determined by the
wave-fanction renormalization constants). The
subtraction point, 4, is arbitrary. If we change
the subtraction point the net effect is to change the
value of the coupling constants and the scale of the
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L. INTRODUCTION

In & recent paper* we have constructed a class of

res an asymptotically free theory," that only
non-Abelian gauge theories ean be asymptotically
free,’ and that indeed many non-Abelian gauge
theories are asymptotically free.t™ Deep-inelastic
scattoring is therefore the natural arena in which
to tost our theories. In this paper we shall dis~
cuss in detail the properties of lepton-hadron
scattering in asymptotically free gauge theories of
the strong interactions.

‘This paper is a sequel to Ref. 1 and should be
read in conjunction with it, although the phenom-
enological discussion of Sec.
independently (hereafter Ref.
to as paper I, and the prefix [ refors to equations
of Ref. 1). The general features of deep-inelastic
scattering in asymptotically free theories wer
already described in paper L. These include the
logarithmic approach to scaling, the calculable
logarithmic deviations from Bforken scaling, and
the validity of the naive or light-cone parton-model
relat

In Sec. I of this paper, we discuss in some de-
tail the application of renormalization-group tech~
niques to the Wilson expansion. This analysis has
appeared in many other places’™ and 15 included
here for the sake of completeness. In particular
we discuss the mixing of operators with the same
quantum numbers and dimensions. In gauge the.
ories this mixing is particularly annoying since

‘moments b
4* bohavior I8 constructed. The g’ behavior of the strocture
dtacussed.

model relations for the moments of the structure funct

re roughly tho correct aymptoto
agiven s 1s

1t would appear that “ghost” operators (L.e., oper-
ators involving Feynman-Faddee v ghost
fields'™"") mix together with ordinary operators.
Wae argue that this mixing can be ignored. This
claim is further substantiated by  calcalation,
which appears in Appendix A, performed in a gauge
which 1 free of Faddeev-Popov ghosts.

In Sec. [ll we calculate the anomalous dimensions
of the relevant operators in the Wilson expansion.'
Some of these were already presented in paper I.
We derive the asymptotic form for the moments of
the structure functions, as well as the various
relations and sum rules satiafied by these moments.
A sum rule for the first moment of the structure

tions, the “energy-momentum~tensor sum
rule, ” 15 derived. An example of an explicit fune-
tional form for the structure functions, with rough-

and the general features of this function are dis-
cussed.
Section IV contains some concluding remarks.

L. THE RENORMALIZATION-GROUP APPROACH
TO THE WILSON EXPANSION

In the deep-nelastic scattoring of a lepton

n one measures the Fourier transform
of the commutator of electromagnetic or weak
currents. We define the standard structure func-
tions as follows:

2= [y e Gl e ), 000 - 0] 1)
LBy gy, q7) Bk £ (1, g7
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ASYMPTOTIC FREEDOM: AN APPROACH TO STRONG INTERACTIONS *

H. David POLITZER

Lyman Laboratory, Harvard University. Cambridge, Mass. 02138, USA

Received 17 Junc 1974
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Abstract

The discovery of asymptotic freedom has opencd up the possibility of extracting new sorts of detailed, dynamical consequences
from a strongly interacting quantum field theory. The necessary tools — perturbation theory, the renormalization group, gauge
theories, and the operator product expansion — are niot new. To anyone familiar with these field theoretic approaches to strong
interactions, the novel feature is a simple fact: there is  unique class of theories in which “the origin is an ultraviolet fixed point”.
But the consequences are so exciting that it seemed appropriate to review these ideas as they reflect on each other. Many important
applications of the renormalization group and the operator product expansion to hadronic physics are omitted; the emphasis here
5 on recent work based on aaymptotically fros field theories. No doubt, there are some developments so recent that they are not
treated in this article.

The discussion of the basic results concerning short distance behavior is informal, but, hopefully, accurate and complete. The
specific applications are treated in varying detail.
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Nobel Prize in 2004

Photo from the Nobel Photo from the Nobel Photo from the Nobel
Foundation archive Foundation archive Foundation archive

David J. Gross H. David Politzer Frank Wilczek

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2004 was awarded
jointly to David J. Gross, H. David Politzer and
Frank Wilczek "for the discovery of asymptotic
freedom in the theory of the strong interaction"




Conference venues

Monday, Tuesday: Luskin Centennial AB
Tuesday Bhaumik Lecture: Luskin Centennial CD

Wednesday, Thursday, Friday: Luskin Legacy room



Conference events
Monday
6:00 - 7:30 pm: conference reception
7:30 - 9:30 pm: conference banquet
dinner talk by Prof. Helen Quinn
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LA ani L. Bhaumik Institute
C 0 nfe re n ce eve nts UC zl)r Thl-ec?rgtical IF(’ll1ysics

Location: Luskin Conference Center
Centennial Ballroom AB
Date: Tuesday, Septem 2th, 2023
Time: 6PM

Tu eS d ay Speaker: Professor David Gross

Fifty Years of Quantum.Chromodynm-'nics
(The Theory of The Strong Nuclear Force)

.

o y Quantum Chromodynamics is fifty years oid this

5:00 - 6:00 pm: reception el d e prtod e o
P P fe=T V.

R z
Prof. David J. Gross has been at the forefront of theoretical physics for §

6:00 = 7:30 pm: Bhaumik pUinC almost 60 years. He is the Chancellor's Chair professor of theoretial g -

physics and the former director of the Kavli Institute for Theoretical
Physics at the University of California, Santa Barbara. He received his : % B4
n Ph.D. in 1966 from the University of California, Berkeley. Before joining 's “ 7
| e Ct u re b P rof D aV I d G ro S S the Kavli Institute, he was the Thomas Jones professor of mathematical : :
- physics at Princeton University. Gross was awarded the 2004 Nobel Prize . .
in Physics, along with H. David Politzer and Frank Wilczek, “for the nep "
discovery of asymptotic freedom in the theory of the strong interaction.”
. His other awards include the Sakurai Prize, a MacArthur fellowship, the

Dirac Medal, the Oskar Klein Medal, the Harvey Prize, the High Energy
and Particle Physics Prize of the European Physical Society, and the

Grande Médaille d’Or of the French Academy of Sciences. He is a . ’ p
member of the National Acad of Sci the Ameri Academy of
Arts and Sci the American Philosophical Society, the Indian

Academy of Sciences and the Chinese Academy of Sciences. In 2020, he
became Past President of the American Physical Society.



Talk logistics

Send slides to gcd50@googlegroups.com well in advance

Talk: 50 minutes = 40’ + 10’
The conference is hybrid with zoom component

All talks are recorded



Lunch break

Lunch: UCLA Ackerman Union (food court) is right next to Luskin
conference (across street, less than 5 minutes walk)

Dinner: many restaurants in Westwood (within walking distance)
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Looking forward to
an exciting and productive conference!

UCLA
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