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I. Introduction

I am very honored to speak today at this memorial for Joe Weis. Joe was
strongly interested in photon-photon collisions as a new test of short-distance
hadron dynamics, and it was a great pleasure for me to be able to work with him
on this project. Although much of this field was novel to him, Joe mastered it
very quickly, and his physics insights and computations formed a main core of
our work with Tom DeGrand and Jack Gunion.[l] In this talk I will review the
physics of two-photon collisions in elL storage rings with emphasis on the pre-
dictions of perturbative quantum chromodynamics for high transverse momentum
reactions. Because of the remarkable scaling properties predicted by the theory,
two-photon collisions may provide one of the cleanest tests of the QCD picture
of short distance hadron dynamics. In order to contrast these predictions for
photon-induced reactions with those for incident hadroms, I will also discuss
predictions from QCD for hadron structure functions and form factors at large
momentum transfer.

The photon plays a unique role in strong interaction dynamics because of its
elementarity and its direct interactions with the hadronic constituents. Al-
though it is well-known that highly virtual photons have asymptotically scale-
free interactions with the quark current in QCD, it is perhaps not sufficiently
emphasized that the interactions of real on—-shell photons also become dominantly
pointlike in large momentum transfer (short-distance) processes. The predictions
by Bjorken and Paschos[zl for deep inelastic Compton scattering,-and dimensional

[3]

photons are all based on the existence of direct Yqq perturbative couplings, and

counting predictions for exclusive and inclusive processes involving real

. , . 4

imply the breakdown of the vector meson dominance description | of the photon's
hadronic interactions at short-distances and large momentum transfer. As a

general rule, VMD can only be valid in QCD for low momentum transfer, nearly on-
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mass-shell processes where perturbation theory in o is invalid. Whenever a
photon couples to far-off shell quarks (as in yq =+ yq) the net real and virtual
gluon radiative corrections are of order as(p%) ~ O(log—l(pé/Az)), and the point-

like Born amplitude are expected to dominate in the asymptotic limit.

II. Photon-Photon Collisions

The production of hadrons in the collisions of two photons should provide an
ideal laboratory for testing many features of the photon's hadronic interactionms,
including its short distance aspects. It is well known that photon-photon in-
elastic collisions in e+e— storage rings become an increasingly important source
of hadrons as the center-of-mass energy

[5]
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of the cross section for e e > e

Vs = 2Ee is raised. The dominant part
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hadrons arises from the annihilation of two r\‘\ X2
nearly on-shell photons emitted at small

angles to the beam (see Fig. 1). The noe olyy—-hadrons) e

resulting cross section increases logarith- Fig. 1. Two-photon annihilation
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mically with energy (mi/s >0, s >> mﬁ): into hgdrons in eTe™ collisions
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where m, is the invariant mass of the‘produced hadronic system. In contrast, the
e+e- annihilation cross section decreases quadratically with energy. For
eéample, at the beam energy of Ee= 15 GeV, the standard vector dominance esti-
mate for GYY(mé) gives o(e+e—->e+e_ hadrons) =15 nb for my > ; GeV, compared to
(0.1 nb)R.

1

the annihilation cross section o = Ro + +
ete™ >y > hadrons eTe” >y > uTus

The event rate can be large because of (1) the relatively large efficiency

for an electron to emit a photon: (x = (k04-k3)/(p04-p3) = w/E)

G , (x) = EEILS = (2 10g = (1 + (1-—x)2)
Xhye® = ¥ Tax T o \2n 72
m
e /
= .051 (/s = 30 GeV, x>0) (2)



(2) the factor of log s/mé from the integration over the nearly flat rapidity
distribution of the produced hadronic system, and (3) the fact that the cross
section is dominated by low-mass hadronic states. For untagged leptons, the
cross section for ee -+ eeX in the equivalent photon spectrum takes the general

(6]

form

1 1 .
do (s,tyu) = fdx f dx, G (x,) G (x,)
oo > otex : 1 / 2 "y/e"l Ty/e 2

3 dqyy-*X(é:xlXZS’ E=x1t, ﬁ=x2u) 3

where Gy/e(x) is the equivalent photon energy spectrum and dch_*X is the

differential cross section for the scattering of two oppositely directed un-

polarized photons (of energy x1/§/2, x2/§/2 in the e+e- c.m. system) into a

final state X. If the scattered lepton kinematics are measured, then the photon

momenta are determined and the full range of hadronic yy physics analogous to pp
colliding ring physics becomes accessible.

A large-scale experimental investigation of two-photon %hysics is now
planned at PEP and PETRA. Among the areas of interest are /

(a) the production of heavy leptons[s] (yy—+r+t_, etc.)

(b) The production of even charge conjugation states and hadronic resonances
(Yy—+nc, ete.).

(¢) The measurement of the total oyy(s) cross section, including heavy quark
thresholds.

(d) Measurements of the -1 and K#L!Kf phase shifts via yy—»Mﬁ and unitarity,
as well as checks of dimensional-coupling scaling laws for the crossed
Compton amplitude at large s and t.

(e) Deep inelastic scattering on a photon target,[g] via electrons or positroms
tagged at large momentum transfer ey—+e'X.

In each case the spacelike mass of each photon can be individually tuned by

tagging the scattered e%. The photon linear polarization is determined by the

lepton scattering plane. We also note that the eir circular polarization of an
incident lepton is transferred to the emitted photon with 100% efficiency as

xy -+ 1.



I1I. Large Pp Processes

Perhaps the most interesting application of two photon physics is the pro-

duction of hadrons and hadronic jets at large Py The elementary reaction

Yy @ qq > hadrons yields an asymptotically scale-invariant two-jet cross section
at large Pr proportional to the fourth power of the quark charge. The yy - qq
subprocess[lo] implies the production of two non-colinear, roughly coplanar high
Pr (SPEAR-like) jets, with a cross section nearly flat in rapidity. Such "short
jets" will be readily distinguishable from e+e--*qa events due to missing visible
energy, even without tagging the forward leptons. It is most useful to determine

the ratio,

- - - + -
R _ dc(e+e > e'e qq e e +jets)
YY

(4)

+ - + -+ -
do(fee »eepyy)
since experimental uncertainties due to tagging efficiency and the equivalent

photon approximation tend to cancel. In QCD, with 3-colors, one predicts[1]

4 us(4p%)
RW=3 Zeq l+O—T— ) (5)

q=u,d,s,C,...

where Pp is the total transverse momentum of the jet (or muon) and aS(QZ) -

1/(b log Q2/A2), 47b = 11-2/3 ng for ng flavors. Measurements of the two-jet
cross section and RYY will directly test the scalin%l?f the quark propagator ﬁ—l
at large momentum transfer, check the color factor and the quark fractional
charge. The QCD radiative corrections are expected to depend on the jet produc-
tion angle and acceptance. Such corrections are of order as(p%) since there are
neither infrared singularities in the inclusive cross section, nor quark mass
singulgrities at large Pp to give compensating logarithmic factors. The onset
of charm and other quark thresholds can be studied once again from the perspec-
tive of yy-induced processes. The cross section for the production of jets with

total hadronic transverse momentum (pT ) from the yy - qq subprocess alone

> P
Tmln[l,lZ]

can be estimated from the convenient formula,
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where we have taken R = 32: e4 = 34/27 above the charm threshold. For p, . =
Yy . q Tmin

4 GeV, Vs = 30 GeV, this is equivalent to 0.3 of unit of R; i.e., 0.3 times the
e+e--+u+u_ rate. We note that at Vs = 200 GeV, the cross section from the
e+e_->e+e_qa subprocess with Prmin = 10 GeV is 0.02 nb, i.e.: about 9 units of
R! At such energies e+e— colliding beam machines are more nearly laboratories
for yy scattering then they are for e+e_ annihilation! A useful graph[12 of

the increase in R from the yy—qq process for various x min//g is shown

9 Tmin 2pT
in Fig. 2. The 1log s/pTmin - 19/6 in h

Eq. (6) arises from integration over

the nearly flat rapidity distribution

o
rTTTm

of the yy system. The final state in 5 /5 =140 GeV

T

high Pr YY+qq events in the yy center
of mass should be very similar in multi-
plicity and other hadronic properties as AR |

- k- - -
e e +y —-qq, although uu and cc events

T TTTTr

- 0.5 \
should be enhanced relative to dd and \
ss due to the e: dependence. Monte i v@=30(hv/)\

\
Carlo studies of SPEAR events at s = 4p2 )

T o.1 Lot o4 4oy,  min_ 2 min
distributed uniformly in rapidity would . ol o2 03 T T APT
be useful in order to learn how to L ' L ! p?"‘(GeV)

- 5 10 15 20 .
identify and trigger yy—+qq events. i L1 1 L. phin (Gev)
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Although the above prediction for

Fig. 2. The contribution to R
from yy>qq two jet processes at
consequences of perturbative QCD, it Ys =30 and 140 GeV (From Ref. 12).

RYY is one of the most straightforward



should be noted that from the perspective of photon physics of 10 years ago, the
occurence of events with the structure yy - jet+ jet at high P could only be
regarded as_revolutionary. From the VMD standpoint, a real photon acts essenti-
ally ds a sum of vector mesons; however, it is difficult to imagine an inelastic
collision of two hadrons producing two large Pr jets without hadronic energy
remaining in the beam direction!

On the other hand, if the yy - two jet events are not seen at close to the
predicted magnitude with an approximately scale invariant cross section, then it
would be hard to understand how the perturbative structure of QCD could be
applicable to hadronic physics. In particular, unless the pointlike couplings
of real photons to quarks are confirmed, then the analogous predictions for
perturbative high Py Processes, involving gluons such as gg—qq are probably

meaningless.

IV. Multi-Jet Processes and the Photon Structure Function

In addition to the two-jet processes, QCD also predicts 3- and 4-jet events
from subprocesses such as yq+gq (3 jet production where one photon interacts
with the quark constituent of the other photon) as well as the conventional high
Pr QCD subprocesses qq~+qq and qq > gg
(which lead to jets down the beam direc-
tion plus jets at large pT)(see Fig. 3).
The structure of these events are very

similar to that for hadron-hadron colli-

sions. The cross section for Edo/d3pJ

(yy > jet+X or ee + ee jet+X) can be e (a) (b} o
computed in the standard way from the Fig. 3. Contributions from QCD
. . A subprocesses to (a) 4 jet and
hard ?igﬁterlng expansion (s = X_X. 8, (b) 3 jet final states.
etc.)
1 1
do ~
E d3p (AB~+CX) = Z fdxa fdxb Ga/A(‘Xa) Gb/B("Xb)
99 (abrca)| 2 eGHE+D) @)
dt s, t,u




where the hard scattering occurs in ab +c¢d and the fragmentation function
(x ) gives the probability of finding constituent a with light-cone fraction

a/A
(p0-+p.)/(p24—p ). In general, G / has a scale-breaking dependence on

*a a/A
log p% which arises from the constituent transverse momentum integration when
. , . 14
gluon bremsstrahlung or pair production is 1nvolved.[ ]

However, there is an extraordinary difference between photon and hadron
A2
IS

AN
(x,Q7) 1is

11mmAd YA~ ~ncano T

induced processes. in tne case ©
Sq/p
determined from experiment, especially deep inelastic lepton scattering. In the

case of the photon, the Gq/Y structure function required in Eq. (7) has a per-
turbative component which can be predicEed]from first principles in QCD. This
15

component, as first computed by Witten, has the asymptotic form at large

probe momentum Q2

o]

2 2 '
G (x,Q7) > f(x) + 0@a®) (8)
a/y as(Qz)

i.e.: aside from an overall logarithmic factor, the y-~q distribution Bjorken
scales; f£(x) is a known, calculable function. Unlike the proton structure
function which contracts to x=0 at 1nf1n1te probe momentum Q <+, this com-
ponent of the photon structure function increases as log Q independent of -x.
This striking fact is of course due to the direct y-qq perturbative component
in the photon wavefunction. (The apparent violation of momentum conservation
when aS(Q2)<<a should be cured when higher
order terms in o are taken into account.)
In addition to the perturbative compomnent,
one also expects a nominal hadronic com-
ponent due to intermediate vector meson
states.

The calculation of the photon struc-

ture function is straightforward if we

it—78 3518A4

keep only leading logarithms in each order 4
of perturbation theory. The leading con- Fig. 4. Representation of the
; . . . hoton structure function in
tribution can be written as a_simple QCD ph ton crue .
[14] deep inelastic scattering on a
convolution: (see Fig. %) photon target. Real and virtual
gluon corrections to all orders
are included in the analytic
results.



2
Q 5, 1

2 _ 30 2 dk dz 2 Y- X 2 .2
Gq/Y(x’Q ) - 20 eq f kz f Z [Z +(1 Z) ]Gq/q<zaQ ’k ) (9)
k ” :
U

-

where G a/q (x/z, Q k ) is the standard non-singlet dlstrlbutlon due to gluon
bremsstrahlung for quarks in a target quark of mass k being probed at four-
momentum squared Q . The factor of 3 includes the sum over quark colors. In
addition ome can include smaller sea quark confributions form g -+qq processes.

The region k2<<u2 can be identified with the VDM contribution to G

q/y’
Taking moments, we have
¢
2 30 2 dk 2 .2
, - 3o ____f .
6y @0 = 22l ) 6,600 (10)
UZ
where
1
c(§) = fdx ) | (11)
0
1
£(4) = fdz 2z 1 [22+(1 z) ]
0]
1 2 2
= 3731342 (12)
and
4y
2 27b
2.2 0Ls(k )
G / (JsQ sk) = —_'—2— (13)
4/4 a (Q7)

The dj are the standard valence anomalous dimensions, as defined in Ref. [14].

Performing the k2 integral in (10) yields

A2y o 32 ! 27f (§)
Gq/Y(J’Q ) = 27 eq N (QZ) [Zﬂb—dj] (14)
s

This. exhibits the remarkable scaling features of the photon structure function

discussed above.



It is easy to invert the moment

equation via the method of Yndurian. L
1.5 - =
A graph of gﬁq/Y(x) calculated in xGq,y(x ) faom..
valence approximation in QCD and in the (a)
parton model is given in Fig. 5. Good 1.0 - -
agreement is obtained with the (valence
plus E;ﬁglEt) results of Llewellyn 05 % %Wmm\\s,/"—_— "“w\\_
Smith over nearly the entire range (c)_ -~ Fx)
= (b)
of x. =
The x near 1 behavior of G / (x) 0 e
Y 0 02 04 06 08 10

can be obtained more directly from a

=78 X 3448419

direct integration of (10), using the Fig. 5. The valence photon structure

x~+1 form for the quark structure function G4/, (x) as calculated in (a)
Born approximation, (b) to all orders

function in QCD, and (c) the x~1 limit (Eq.
2 .2, (17)). An overall factor proportion-
Gq/q(x’Q k) = al to log Q2/A? is factored out (from
4C,E-1 Ref. [1]).

exp (3~ ) 50, (40 * /rtac,e) (9)

where Yg = 0.577... is Euler's constant, Cy= (Nz-l)/2N==4/3, and

1 O‘s(kz)
E = Z-Tr—b- In "—T . (16)
2,(Q9)
One then obtains[14]
2, _ 3 2 a ' 4
Gq/Y(X’Q ) = o eQ (17)

2 ) 1
x 1 o (Q7) 4mb- (3- Z+\(E)C2+Z+C2 1n—-——1_X

This result is numerically accurate only for x > 0.97 but is off by no more
than a factor of 2 for x > 0.1 (see Fig. 5).

It is interesting to note that for fixedplZz,Q2->m, this expression for
quy(x,QZ) approaches a constant. This implies, via the Drell-Yan gelatiST,
perfect power—-law scaling for the y-p transition form factor FYD(Q )y = Q .

Compared to meson distributions which fall as a power at x—+ 1, the photon
structure function is nearly flat in x, again due to the underlying yqa point-
like vertex. In principle the photon structure can be determined experimentally

' . : . s .
from the two photon ey-—+e X process, i.e.; deep inelastic scattering from a

-9



photon target.[9]

Returning to the high P jet cross sections, we note the following striking
fact: in eath contribution to the four-jet cross section the two factors of
as(p%) from the subprocess cross section, e.g.,

4 2
) b ( 3 as(t))

do
e (9q + 9@ 2 (18)

(see Fig 3a) actually cancel (in the asymptotic limit% the two inverse powers
of « (pT) from the two G /v (x, pT) structure functions. Similarly the single
power of a (pT) in dc/dt (yq+gq) cancels the single inverse power of o (pT)
structure function in the 3-jet cross section. (See Fig. 3(b).) Thus miraculously
all of these jet trigger cross sections obey exact Bjorken scaling

Ei—(w-weux) — —1—f(xT, o) (19)

a’p ppr= P
when the leading QCD perturbative corrections to all orders are taken into
account. Furthermore, the asymptotic cross sections are even independent
of as(p%)! The asymptotic prediction thus has essentially zero parameters.
Quite detailed numerical predictions can be made for the ee + ee Jet+X
cross sections by computing Gq/e (from the convolution of the equivalent photon
approximation Gy/e and the photon structure function Gq/Y), and then summing in
Eq. (7) over all 2-2 hard scattering QCD processes, including all quark colors
and flavors. 1In our calculations 1 we have found it useful to display approxi-
mate analytic forms which have the correct power-law dependence at large Pr and
at the edge of phase space (xR = ZpJ//g -+ 1). The analytic forms usually agree
with the numerically integrated results to within 20%. For the analytic calcu-

lations, we have used the simplified form

2 o :
Gq/e(x) = eq (é%-log n)-EF FQ(l—x) (20)

for each quark flavor and color, where log n = log s/4m if the scattered
electron is not tagged. The factor FQ which is ~ log s/4mq if we use the Born

approximation for y-qq, becomes of order l/aS(Q ) when the QCD radiative cor-

rections are taken into account. We have found empirically that the value

- 10 -



as(Qz)FQ = 0.8 gives a good characterization of the QCD normalization. [For x-1
Gq/e actually falls as (1-x) log 1/(1—X)J Note also that for x-+1, the quark and

electron tend to have the same helicity.

For the 4-jet cross section, the sum over all types of jet triggers near
90° gives

2 2
d + - + - ~ 2
E d3o (e'e e e Jet+X) = (é%-log n) [é%-FQ as(pT)]

0 A
J
2V 52 4 (1'593
-&%Zﬁ)-+~(ze)]——~—
£ 9 £ A
3 £ Pr
3
- (I-x,)
= 0.8x1072 nb Gev’ ————7g§—- [Vs =30 gev] . (21)

Pr

The sum f is over contributing quark flavors. The subprocesses include qq-+qq,
qq+qq, and qgq - gg.

For the 3-jet events, the subprocesses yq+gq and yq~+gq yield the cross
section

: 2
do + - + - ~ a o 2
E 3 (ee »ee Jet+X) = u(-EF log n) [5; FQ us(pT)]

d Py
2
1-x)
[0z ei] 2
f Pp

2
(1-x))
Z 2.5x10"% nb Gev? -—;L—

(Vs = 30 gev] . (22)
Pr

The corresponding result for the two jet cross section from yy-—qq is

(1-x)
E g° (ee” » eTe” Jet+X) = 3x 1072 nb Gev’ ~——7;5— ,  (23)
d pJ

Pp
i.e.: in general, o(2 jet) > oc(3 jet) > o(4 jet). It is clear that there is no

double counting of cross sections here since each type of jet cross section has

a distinctive topological structure and different pattern of q, q and g jets.

- 11 -



A graph of these cross sections is shown

in Fig. 6.

To remind ourselves how critical C L L L
the pointlike photon couplings are to i N ete—ete Jet X |
these results, let us estimate the con- L
tribution to high Py jet production when

107" -
both photons are meson dominated. We —_ C ]
2 - N> : —
have (fp/4n = 2) $ - .
VDM 4 IC -
do (yy > Jet+X) = fi do(pp =+ Jet+X) L
o} ) b|r0°'
Ol
ul -2 |
~ [4ma 212\ do (pp + Jet+X) w 'O F
= [—= = (24) r
f2 3 (1-x.) C
P R B
since we expect G ~ (l-x)zG . If we L
a/p 3 q/e
take Edo (pp + Jet+X)/d”p ~ 300 x ,
Edo/d3p (pp>7X) ~ 1.1 nb GeV6 (1--xR)9 10 0
p}s, then the convolution over photon o : P (Gev/c) srionns
momentum distributions yields the rough
estimate (ecm = 900, Ys = 30 GeV) Fig. 6. QCD (and VMD) contributions
to the ete~ » ete~ Jet+X. The 4-
doVDM 4 4+ _ jet cross section includes the con-
E 3 (ee »ee Jet+X) = tributions from qq - qq, 99_~ qq,
d Py and qq > gg. (From Ref. [1]).
7
6 (1-xp)
1.4 nb GeVv —3 (25)
Pr

which is negligible compared to the pointlike contributions for Py > 2 GeV (see
Fig. 6). We have also checked explicitly that the QCD (qqg + qg hard scattering)
contributions from processes such as yp = qqqq or pp > qacﬁi, where one or both
photons are meson dominated, are also small.
The overall scaling properties of QCD cross sections due to specific sub-
proceéses can be easily determined from counting rules:
£99 (a4 > cix) = (1-x

3

spect-+nfm'- (26)
2 Nactive - 2
d’p (p2)




'

where n is the number of elementary fields (q, e, v, g, etc.) participating

active 3] bnd
in the hard scattering subprocess, n
spect

i.e.: the nymber of constituent fields which do not interact (and thus '"waste"

is the number of bound spectators,

L 1 X
the incident energy),[ 9 and n. are the number of unbound spectator fermions
(q,e) from pair production or bremsstrahlung scattering processes, as in the

equivalent photon approximation. In Egs. (21-23) the number of active fields

in each case is 4; nbnd

L L ts

n =0, and n. = 4,3, and 2
spect ’ fm T2

rules have small corrections due to logarithmic scale-breaking effects and the

respectivelv, The countine
respectively, lhe counting

log behavior of Gq/Y' (See Section VI.)

1-x

V. High P Meson Production in YY and pp Collisions

We have also considered in some detail background contributions to the
vq =+ Jet+X cross section from (higher "twist') subprocesses that involve more
than the minimum number of active fields
in the hard scattering subprocess.[zo]
The most significant background comes

from subprocesses of the form (see Fig. 7)

Yqg > Mq

where a photon from one beam photoproduces

12-78 (0) o (b) 3518A7

meso r o) i .
a son at large Pp on a quark constituent Fig. 7. Contribution of the

of the other beam. The meson trigger, the vq + Mq subprocesses to (a)
. " - ete~ »etentX and (b) yp-+n+n.
recoil quark jet, and the spectator q jet
together provides a background to the yy - 3 jet events. The normalization of
+
the yq +Mq amplitude can be inferred in a straightforward way from yp->7 n

photoproduction at large momentum transfer: (see Fig. 7(b))

do + 2 dé
at (yp>1n) =« Fp(t) it (yq + mq) (27)

- +
The 90° exclusive cross section[21] falls as s 7.320.4 in agreement with the

s_7 behavior predicted by Eq. (27), and dimensional c0unting,[3 so this pro-

=5) E do_ (e+e—;>e+e— Jet+X)

cedure seems justified. The net result is (n ,
active d3p

= 1,1 nb GeV4

(1-xR)2/p$ where the sum over all psaudo-scalar and vector meson
qq bound states in the 35+ 1 representation of SU(3) constitutes the "jet"

trigger. As shown in Fig. 6, this contribution falls faster in pp but at Vs =

- 13 -



30 GeV dominates the yq—+gq 3 jet cross section until p%et ~ 6 GeV, and (though

distinguishable by topology) it even dominates the yy+qq contribution until
~pA%t 2 4 cev.

It is possible that the normalization of the yq > Mg subprocess has been
overestimated; nevertheless this amplitude must occur at some level, producing
a characteristic'p;6 f(xR, ecm) cross section. The most important check of its
contribution+vill come from single particle production at large P> such as
ee >een X, In the case of hard scattering processes such as yy = qa,
vyq + g4, and qq + qq, the final state fragmentation Gn/q ~ (1-x) leads to a
strong suppression (~ 10-2) in the w+/Jet ratio, since the quark jet must be

produced at_higher momentum than the trigger particle (the "trigger bias"

22 -
effect). For example, the leading yy = qq subprocess gives

3
- - - a1-x3)
E i%L'(e+e > ete w+X) = 6x10 4 nb GeV2 ————ZB;— . (28)
d’p P

On the other hand, the yq + n+q subprocess produces a pion at high Pps without

suppression from fragmentation:

do , + -  + -+ -2 2 (1_XR)2
E—— (e e »eer X) = 3 x 10 nb GeV" ——— . (29)
d3 prompt 6
P Pp

(Inclusion of non-"prompt" w's from resonancé decay approximately doubles the
production rate.) This contribﬁtion is thus predicted to dominate single pion
production in the yy process until very high Prp- With the above normalization,
and in the absence of electron or positron tagging, the two-photon reaction
provides a significant background to the 90° inclusive w+ spectrum from

e+e_ > y* - #+4-X for X5 S 0.15 at ¥s = 30 GeV. (See Fig. 8.)

It will be extremely interesting to verify the normalization and especially
the power law of the yy - n+4-X cross section. The p;G péwer ig derived directly
from the lowest order diagram for yq - (qq)q where the qq system is at fixed
mass; higher order QCD corrections can only modify the result by an overall
logarithmic factor. The fact that the single hadron trigger is so strongly
dominated by "prompt' subprocesses where the high P trigger is produced
directly in the hard scattering subprocess rather than by quark or gluon frag-

mentation also is an important feature in hadron-hadron collisiens. In this
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case, as described in the constituent

interchange model (CIM),[QO] dominant

- subprocess contributing to the pp—>n+X - o ,' R
- - 7% Inclusive Cross Section —
Be.m=90° B

are expected to be the prompt hard- _ /¥ =30 Gev i

and pp »pX cross sections for pT‘<8 GeV

T

scattering reactions such as qM~»qgM
and gB ~+gB, respectively. These sub-

processes immediately explain why the

T T TTTT]

Lo gl

observed power law for Edc/d3p at

. -8
fixed Xp and ecm are close to P

(meson production) and p%lz (proton

4  do ' 2
P} g5 (nb Gev®)

production) for data below pT==8 GeV.

The CIM approach alsoc can account for

Ll

the observed angular distributions,

same side momentum correlations, and =

1

charge correlations (flavor transfer)

. ) 23 . 1072
between opposite sides. 0 2 4 6 8

Above pT:>8 to 10 GeV, the s p, (Geve) 1440812

2.2y -4 . .
standard Ots(pT)pT contributions to Fig. 8. Leading contributions to

pp > X from quark or gluon QCD hard inclusive pion contributions from
ete— annihilation and ete~ »ete~7tX

scattering processes are expected to (from Ref [l])

dominate the faster falling prompt
processes. The essential distinction between these competing mechanisms is

simply whether the trigger hadron is formed before or after the hard scattering

occurs. Both mechanisms of course occur in QCD.

Recently there have been attempts to modify the QCD quark and gluon
scattering predictions by attributing strong scale violating éffects to parton
transverse momentum integrations. f However, these effects turn out to be
unimportant above P > 4 GeV when covariant off-shell kinematics are included;
futher this approach fails to explain (a) the p;lz scaling behavior for Pp-+pX,
(b) the small increase of same side momentum observed as Py increases,[20 and
(c) the strong charge correlations between K and p triggers and away side
charged particles. 26] - The combined CIM+ QCD approach, however, does not have
any of these difficulties, 23 The large jet cross sections observed in pN

collision cannot be accounted for by the prompt processes alone and thus give

- 15 -
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some support for the existence of quark and gluon hard scattering subprocessesﬁzﬂ

-VI. Photon and Hadron Structure Functions at Large x and Generalized Counting

Rules

It is interesting to contrast the anti—sgaling form for the photon struc-
ture function Gq/Y(x,Qz) ~ (a/as(Qz))f(x) with the large x behavior of hadronic
structure functions which can be deduced from perturbative QCD. In the following
I would like to give a preliminary report-of some results recently obtained
in collaboration with G. Peter Lepage. 28] For the discussion of violation of
scale invariance, one can represent the proton structure function as a convolu-

tion (see Fig. 9)

2y _
qu/p(x’Q) _-

1
dz o x 2 2
;v/. z Gq_/P(Z) thlq(zaQ s H ) (30)
X

o , .
where Gq/p is the structure function for con-

stituent quarks in the nucleon derived from the

bound state equation. By definition, all real

11—78 3518A9

and virtual gluon bremsstrahlung corrections
Fig. 9. Representation
of the proton structure
(at probe mass Q) ‘of finding a bare quark q' function and QCD radia-
tive corrections in deep
inelastic lepton-proton
are given by the standard QC% ] scattering.

14

are included in Gq,/q(x,Qz,uz) the probability

in a dressed quark q of mass u. The moments

of G _,
q'/q
formulae, as in Eq. (13). For x -~ 1,

2 2 Eo1 .
Gq/q(x,Q ,u ) ~ (1-x) P(%) (31)
where
Q>
P - oac, B@Pad) = £ [ o) (32)
2 X /
u
and
~ (%"YE)E .
PE) = e r(§) ) (33)



Eq. (30) can be justified if one retains the leading logarithm in each order of
perturbation theofy. The value of pz, the off-shell constituent quark mass
- squared, is_the mean value obtained after integration over the transverse
momentum in the wavefunction. At asymptotic‘Qz, E -~ loglog(Qz/Az, and the
structure function contracts toward small x.

In order to compute GZ/p(X)’ we will assume that at low momentum transfer
the proton can be represented as a bound state of three quarks which approximately
share the nucleon's 4-momentum. The high momentum transfer of the structure
function is then controlled by the Bethe-Salpeter kernel; asymptotically one

finds that the minimal gluon exchange amplitude dominates, and thus

2 4
! as(ux)

&, (x) « - -1 107 (A (34)

Mx

where ui“‘o(—Mz/(l—X))givés the scale of the off-shell quark and gluon propaga-
tors. The convolution (30) then yields

2y -4 1 X >
ot - 18 () a0 PO . 9

It is important to note that the lower limit in the £ integration is ui and
that the struck quark is forced far off-shell for x-1. We thus distinguish two
limits:

(1) Fixed x, Q2—+w (Bjorken 1limit). In this case, £ ~ O(loglothz) and the

structure function contracts to x-0.

2 (1—X)Q2 2
(2) Fixed M~ = > Q° + « (exclusive, Bloom~Gilman limit). In this
case
~ 2 1
2tud) - o ——
log Q
and hence
2 .0 3 —4( 1 )
6y pGn0) 60 ) - (-l () (36)

i.e.: the QCD radiative corrections to the hadron structure function
vanish! Physically, this is because for x-+1, the struck quark has an

off-shell mass of the same order as the probe momentum v Q2 .

- 17 -



Thus, contrary to usual expectations, the fixed QZ, x -+ 1 behavior of
hadronic structure functions is controlled by the hadronic wavefunction, and is
not modified by QCD radiative corrections. Further, because of their sensitivity
to the x~1 region, the large—-n moments of GJVH(X’QZ) at fixed Q2 become scale
invariant as n—+«, The general result for the structure function of a hadron
with nH-constituent fields is

1

2n -1 —2nS 2
(————) (fixed A~ 1limit) (37)

G QD - (-0 ° g % (1Ip

(nS = number of bound spectators = nH-l). This has a smooth exclusive-inclusive
(Drell-Yan) connection with the corresponding asymptotic (spin-averaged) form
factor

-1 :
FH(_t) ~ [ocs(t)/t]nlﬂ . ‘ ‘ (38)

These results give the asymptotic QCD modifications to dimensional counting

rules.[3’19]

The spectator counting rule (37) for hadronic structure functions allows
us to write down modified counting rules for large Py CTOSS sections which take
into account scaling violations in the active subprocess ab - cd matrix element
and the £ dependence of the structure functions. The leading analytic depend-

ence for_large P and x, > 1 at ecm ~ w/2 for hadronic reactions A+B -+ C+X

~ [28,29] R
1s
a (pZ) nactivew2
E —d_;’— (A+B > C+X) ~ —S——Z—T—
d7p Pr
2ns-1 -ZnS 1 .
© (-x) ° log (l—x ) M a2 (39)
R j=a,b,c

where n is the total number of spectator fields in A+a, B+b, and c¢~>C, and

0 if j = hadron,

Eo= é<p§,u§R> if j=quark

9/4 é(p%, uiR) if j=gluon (40)

\
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Again, we emphasize that the £ corrections become negligible in the Xp > 1 fixed
pp limit. The normalization constant is derived in Ref. [12] and [l].

-

"VII. Conclusions

In summary, it becomes evident that two photon collisions can provide a
clean aﬁd elegant testing ground for perturbative quantum chromodynamics. The
occurrence of yy reactions at an experimentally observable level implies that
the entire range of hadronic physics which can be studied, for example, at the
CERN-ISR can also be studied in parallel in eie— machines. Although low Pp YY
reactions should strongly resemble meson-meson collisions, the elementary field
nature of the photon implies dramatic differences at large P We have especially
noted the sharp contrasts between hadron-and photon-included reactions due to
the photon's pointlike coupling to the quark current and the ability of a photon
to give nearly all of its momentum to a quark. The large momentum transfer
region can be a crucial testing ground for QCD since not only are a number of new
subprocesses accessible (YY > qq, Yq > gq, Yq * Mq, deep inelastic scattering
on a photon target) with essentially with no free parameters, but most important,
one can make predictions for a major component of thekphoton structure function
directly from QCD. We also note that there are open questions in hadron-hadron
collisions, e.g., whether non-perturbative effects (instantons, wee parton
interactions) are important for large Pr reactions. 30 Such effects are pre-
sumably absent for the perturbative, pointlike interactions of the photon. We
also note that the interplay between vector-meson-dominance and pointlike
contributions to thé hadronic interactions of photon is not completely under-

stood in QCD, and yy processes may illuminate these questions.
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