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Quantum chromodynamics is amerable to precise experi-
mental verification. This heppy state cf affairs occurs because
tne theory is asymptotically free. At hich energy W it is
cescribed by an effective rurning coupling

1

S
gl S

(1)

which vanishes as the energy incrzases. Taerefore, certain
suitably selected, high-enercy processes can be computed
using perturbative methods. The jpow class.c processes for
such tests involve deep inelastic leptc-proeduction off
nuclear targets. Unfortunately, only the energy variation
cf these cross sections is predici;ed with ro prediction
beiny mdce for their absolute magnitudes and shapes.
Raceatly, however, a new methoé has peen developeé which
grovides a more complete descriprion. This is the method of
asymptotically free perturbation theory. A large impetus
for its development came from th2 work of Szerman and
Keinbergl.

The basic ideas of the new =ethed ere zs follows. Using
the total energy W to set the leaqth scale, a partial
cross section can ke written in terms of a édimensionless

function of dimensionless variables,

L w2 M
v = 2 p¥ 'l
bo = omPan gy T Kl (2)

Here y is the mass scale of tae renormalization point, qu

—0g e

-
is the value of the renormalized coupling at this renormaliza-

tion point, and m, is tha2 (guark) mass treated as another
coupling constant normalized at u. The symbol x stands for
the remaining dimensionless variables such as scattering
angles. The physically measarab1e>partial cross section

Ao must be independent of the value of the arbitrary re-
normelization point p. FEence we may take p = W, turning

gi into the running coupligg E(W)2 of the renormalization
group. With this choice ;% is replaced Ly 5%glz which, up
to logarithmic corrections, vanishes as l/w2 as the energy W

becomes large. Therefore, nsglecting terms which are essentially

of order 1/W2. we secure the high energy limit
to = % F(1,3M2, 0, x). (3)
W

The existence of the limit (3) requires that the partial
cross section be finite ir a theory with massless particles.
This will generally not be the case. We must restrict our
considerations to "proper processes" which are free of
infrared mass divergences. This requires that the partial
-ross section for a "proper process" must be insensitive to
soft particle production and to the collinear branching of
~he massless particles. The partial cross sections will be
devoid of mass singularities if they refer only to inclusive
energies carried off by the particles. En=2rgy weighting

removes divergences which would otherwise arise from soft



particie production ané tne inclisive energy summation removes
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Since the running coupling (W)~ varishes as W+w», the

zar=zial cross secticn (3) carn be computed by perturbation
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turbatively only 1if Lo refers to a partial
production and not to the

liowever, there is good

assumption that the

¢uarks and gluons fragaent into hadrons with

ransverse momenia (p‘L < 0.3 GeVi. The cbserved

trherefore follow closely to the directions of
ir parent guark or gluon. ioreover, the energy flow in
tte cusorves hadrons will ‘even more closely zpproximate the
enargy ficw of their parent since a hadron produced at a
wide angle relative to its paren%: direction is soft and
weighted little by the energy.

Since the "proper processes” cannot refer to specific,
individual hacdrons they cannot, .n particulaz, contain
hadronre in the inicial sta-e; w2’ are xestricted-to;discuss

e e - hacCronic matter:

13 '~4
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This reaction is described by a lrierarchy of energy-

waighted crcss sections. The first member of this hierarchy

is-simply the ordinary total cross section o. The next
member is the single-energy cross section2 dr/da. It
describes the "antenna pattern" of the radiated hadronic
energy. The single-energy cross section could be deternined,
for example; by measurements with a small hadronic calori-
meter placed at various angular positions. 1If the calori-
meter collects an energy 4E in a solid angle di during a time
T, then dz/da = :E/(wfTde), where £ is the lurinosity of the
ete” colliding beams and W is the total energy of a e‘e-
pair. The single-energy cross section obeys a sum rule

reflecting energy conservation,

Jdnd—’:=o. (4)

The third member of the hierarchy is the double-energy or

3,4

energy-~correlation cross section d?z/éada’ , It can be

measured with two calorimeters, one of solid angle 4% in the
direction r, the other of solid angle da' in the direction
1]

. The two calorimeters measure the energies dE and dﬁ'

‘which are carried by the hadrons into these solid angles

during a single event. The product of the two energies,

(dEdE'), is then summed for many similar events with the sum
divided by the integrated luminosityi'r, times the squared
energy of each collision w2 and the solid anglée product

N . . 2 |= Lt
dfidft . This procedure defines d<r/dada ~zevents(dE°E Y/

JfTwzdndn'. Again we have a sum rule reflecting energy

conservation,
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Let us first considexr tﬁe character of the single-
energy ¢ross secticn ¢IL/ér, the haéronic "antenna pattern”.
The goometry for the meaéu:emen: G% this cross section is
illustrated in Fig. 1. Tae crois sectior. has been cal-
culated” to order §(w¢2. This involves computing the ampli-
tudes corresponding to the Feynman graphs shown in Fig. 2.
Althouyh inéividual arplitudes Lave mass singularities; the
sum of terms which cormstitute tae cross section is finite.
The discussion is simplifie¢ by considering the case where
the e'e” beame are perfectly polarized along the magnetic

14 direction. 1In this case we have

[3coszw - 1]} ,

where xs 1/137 is the fine stiruvcture comstant, Qf ;s the
fractional charge of a guark of flaver f (with the factor 3
accounting for the three gquark colors), and ¢ is the angie

ween the detection znd magnetic field directions as shown

L
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in Fig. 1. At high energy the running ccupling is.given by

= 2 - , M
4 il - gu_landa/iy

‘whére ¥. is the rumber of guaxik flavors and 4 = 0.5 GeV :is

the scale mass determinec from deep inelastic lepto-
productioh data. ‘The anculer distfibution given by

Egs. {6) and (7] is plotted in Fig. 3 for Ne = 4. At
infinite energy there is a pure sinzw distrihution. As the
energy is lowered, the two valleyé in £his distribution

are filled.

The fragmer:tation of tke quarks and gluéns into the
obse¥ved hadrons gives a small effect which can be treated
as a correction to the basic quark—anti—quérk production
[the cross section of Eg. (6 with E(W)2 = 0]. We assume
that the parent quaxrk or anti-quark yields a number dn
of observed hadrons in the momentum interval (d3p) giveﬁ

by the scaling cistribution

(a’p) 2py
an = {&BL £V p (8)
E

where Py anc p, are the momentum componer.ts that are respectivel:
parallel ané perpeniicular tc momentum of the parent. The

result of this fragmenfation correction is simply to replace
= 2 - .
the coefficient of {3cos’yp-1} in Eq. (6) by LML, €7
4n2 ¥ !
where C = 2.5 is th= coefficient of the logarithmic rise of

. . . . P . + - s
the total hadronic multiplicity in 2 e collisions and

'<pi> + 9.5 GeV is tie average transverse momentum of a produced

nadron. |[It should be noted .that, in general, the leading
Eragmentation corrections to members of the energy cross

section hierarchy can be krested in such a simple, analytic



we s

ce tnat although the fragmentation process

W0 en2rgy mattzrn, £illing in its minima, the

.&ntation correction varishes as 1/W as the enérgy

vanicshes much mcre rapidly thar does the
Co effect which tehaves as }/in¥. Fidure 4

ize of tre Iracmentation corrections at

GeV the Iragnentaticn corréctions are quite

21l in comparisen to the (CD cifect. However, as is

evident {rom Fig. 3, the OCD effect is itself small at

YWe newd o test of QCD wihich is not such

a large sackeround. This lszads us to
s . N . .3:4

¥3y correlation cross section

al arrangement is shown in

final hadroric system is groduced by an

intermodiate, virtual photon of spin one, the angular de-
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:nze with respect To the be:w ané magnetic field axes

: : o . Lo e s o =
a characteristic form. Iarf the casé of perfect e e,

colarization we neve

X 302'{A(x)[sin2k + S‘irxzx':')'.~
£f f
, (o)

~~'\’ R N -
+ Bi{.)lcosy - cosycosy | + C(x)} B

where, a&s shcwn in Fig. 3, x 13 the angle beiween the two

cetecters

ne magnetic field direction.

ana

v, are their polar angles with respect to

. : s : 2
The calculation >f this cross section to order F(W)

a%z/aada’.

again involves the graphs of Fig. 2, and the analytic
results arc presented in references 3,4. Here we shall

simply note that thé coefficient C(x) vanishes and display

the coefficients A(x) and B(x) in Figs. 6 and 8. Away from

-X = 0, n; these coefficients are of order §(W)2, and. the CCD

effect is not a small effect on a large background. Figures
6a, b show both the quark fragmentation and the QCD contri-
butions t6 A(x) at W = 10 GeV and W = 30 GeV. We see tnat
at W_= 30 Gev the quark'fragmentation correc;ibn is small
over a large aagular range. The leading, order 1/W
fragmentatiop.éorréction to A(x) is symﬁetrical about

X = 969. Hence the fragmentation correction to the

difference

Dtx) = Aln-x) = Alx) (10)°

is small; of ‘order l/wz. This difference, which varies

- over several decades,. is plotted in Fig. 7. The coefficient

B(xf has no léading. order (1/W) fragmentation correction.
This coefficient.is shown in: Fig. 8.

We have found that by using the method of asymptotically
free perturbation theory we have been able to make pre-
dictions -for the theory of quantum chromodynamics with
essentially no free parameters, predictions which should beé
accessible to experimenﬁal test. Since absolute magnitudes,
shapes, and enefgy variations of several angular distribu-

tions are predicted by the theory, their experimental
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confirmation would be sigri:iicant. It is, of course, {w=th gz = 9),.and ... stanis for higher order terms in
extremely ¢ifficult to arrive at a completely objective gz. The & (2+40') te-m corresoonds to the zeroth order pro-
and precise figure of meritv for a test of a theory. An duction of a quark and ar: arti-quark which emerge back-to-
irdication of the sensitivitv cf the energy-correlation kack. This term is modifie¢ by (irnfrared mass) divergent
cross section can be obtained by calculating it with massless vertex corrections. Witk thre introduction of proper
gluons that have spin O rather thanm spin 1. This has been reculators, these d-vergences cancel against divergences
done receatly (in fact after this lecture was initially prcduced in the remeining te-ms when the cross section is
zresented) by Bashan and Loves_ Using a-coupling gaxa¢aq integreted over a small patch of solid angle covering
) - = ' - o 6 .
rather than g(w)qyukaA _q, they find that with g = g(W) X = n. Cornwall an¢ Tiktopculos have proven (to sixth
»a - . . . .
the ccefificients with scalar gluonslh(scalar)kx), Btscalar)(x)‘ orcer) that the vertex modif:cation exponentiates as indicated
are reushly an ordercfmagnitude smaller tnan the GCD in Eg. (11). The order g? angular term previously calculated3'4
L. oc . .. i0C . . ) . i ) . -
ccezflicients A(J“D)(x) ané b'? I:)(;() plotzed in Figs. 6 and has been recently avgmented by a calculatlon7 of the leading
. . (sca . . 4 .
‘5. The shape of A‘Sc°1ar)(xj i3 roughly similar to that of . . . terms in orcer g as shown im Eq. (11}. Let us, suppose
AQ‘D)(a) but, as displaved in Fig. (9), the shape of ’ that the vertex modifications do indeed exponentiate,
213621870 (45 is very different from tnat of B %D (y). © multiplying §{a+0') by e”~ ard damping it out entirely. Aand
Let us Ecnclude with a remark of purely theoretical iet‘us further suppcse that the remaining terms alsa
intarest.  1In gerturbaticn thecry, the énergy correlation 2xponentiate, giving near ths anti-collinear orientation
cross section becomes singular for anti-collinéar detectors . dzz . dr. 52 1 i, ( 1 )
. N .. : s . . andn’ Q 3n  1l+cosy 1+cosy
(==, In this region, the leading behavior of the . 4x
cross section is given by o ' T g2 2 2. 1 } (12)
- . - | cexef- iy 3 mees) ]
2. . .
c - N S S I - it 3 y o - ~
T e a?-{f,(d+n‘)[l G ctnte + e can s R _dt 1@ exp i 2 2 lnz( 1 )
5 = an 4v Jeosy P} 2.l 3 T+cosx’ |-
g~ 1 1 1 \ ; -
+ - 3 ’n(’l ) <
4:2 3z 1l+cosyg l+cosy (11)
B . . X
- ,":‘-\4 2 ar L. ""3+ o .. Ncte th . E 1 : » 3 2
\;ffj 57 T¥cosy {*"(l+cosx)‘ ool ' Ncte that Eq. (12) gives a sharp peak near x = m. With g
: rqplacedtby the ruﬁning coupling §(W)2, this peak decrezses
where %ﬁ is the single eneryy cross secticn given in Eg. (6) inm width, increases in hzight, and moves toward x = 7 as the

energy increases.
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S Tre sur rule @:izes as follews: I
Fe . . -

it over a emall patch of solid angle

covering x = ¥ wz get a-weil-éefincd ordinary function which

; ] ) ] ) 2
can pe developed in a pertirbation serlies in g .

nccoriingly, in view of tha sum rule (31, we get

{ 22 )
g EEo = 1+C{g) ). (13)
1 :
IThe lncior of £ appears since thcoe is en equal
%037, coatrizucion az oy = ) because the detectors are

"transzarent” uand caa cetect the same parcel of energy.}

tv)

ins Zg. (X2 we se2 that Eg. (13) is incdecd satisfied.

. : ) i Ea o . 4
we find that the numericat coeificients of the order g
N 2

ané oréer G° terms im Eg. (1I1) are related so as to produce

precisaiy“éhe order go rasi1lt required by Eq. (13).

form does, ir
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Figure Captions

Geometry for the en2rgy pattern experiment.

Zeroth, first, and seccnd order Feynman graphs for
electron-positron annihilation.
. . .. + - —
{a) Lowest-order yragiz for € e »y-gqg.
{o; Vertex modificaticn.

enersy insert.ions.

s

r

(c}) se&l

(¢; Lowss:t-order gluon emission grapks.

crefictions for the normalized antenna patterns

correspondéing ts perfzccly polarized. electron
ard gositrcn beams with various tota{ energies W.
The long <ashed curve corrosponds to w=5 Gev, the
short dashes. o wWw=30% Ge'J, zné the éoljd curve is
for infinite ¥W. All unit vectors and angles refer

& in Fig. 1.

witﬁ“perfe:tly woiarized electron-positron

cesms 0f total emergy i2) 10 GeV, (b} 39 Gev:

r' with relative angle . These cetector directions

are respectively at angles ¢ and ;' relative to the

Fig. 6.

Fig. 7

Fig. 9.

of ¢ for W=10 GeV.

-1c-

mzgnetic field direction (the polarization direction)

denoted by é.

The QCD and quark Eragmentation (gf) contributions
to the A coefficzieat in Eg. (9) are plotted as a
functi:n_cf x for total energy W of (a) 10 GeV and
(b} 30 GeV. Nozice that the (gqf) contri-

butions. is symmetric about y = 90° while the QCD

behevior is. guite asymmetric.

The diZfersnce D(QCQ) defined by Eq. (10) as a function

The plot for W=30 GeV is obtaines
by scaling the curva2 displayed by the factor

02,5002 = 0.53.

The coefficient B(GCD) of Eq. (%) as a function of

x for ¥=10 GeV. Tke plot for §=30 GeV is obtainad. by
scaling the curve d-splayed by the. factor
g0:/5002 = 0.73.

The QCZ anc¢ scalar theory results for the B cceffi-

cienz 3lotted as a function of x for W = 10 GeV.
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