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ABSTRACT 

We consider hadron production in deep inelastic scattering of 

electrons on photons. 

(i) Exploiting the leading order QCD corrections due to gluon 

bremsstrahlung we find that the photon structure functions rapidly 

approach their asymptotic form which can be calculated in QCD. 

(ii) Replacing QCD by a theory with fixed quark-gluon coupling 

constant [scalar or Abelian gluonsl gives dramatic changes: for 

Bjorken x away from 0, the asymptotic form of the structure function 

is scale-invariant, with a shape quite unlike the QCD shape, and the 

structure function diverges for x = 0. 

(iii) The pointlike component of the photon gives final state 

jets emerging at large angles to the axis of the real + virtual photon, 

in contrast to the hadronic component of the photon. 
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1. INTRODUCTION 

It is well-known that deep-inelastic electron-photon scattering 

ey -+ e' + hadrons (1) 

provides an opportunity to measure the photon-structure functions which 

are predicted by QCD Cl-41. This contrasts with scattering on a nucleon 

target where only the QL evolution of the structure functions is predic- 

ted; the structure functions themselves are not (yet) calculable. 

In this paper we expand our earlier work [43 on a number of points. 

We continue to exploit the zeroth order Born approximation C5l (fig. la) 

and also lowest order QCD via the Altarelli-Parisi equations (fig. lb). 

This is adequate 
- 

to the structure 

elsewhere C61.) 

to our purposes here. (Higher order QCD corrections 

functions themselves have been extensively studied 

1.1 Approach to the Asymptotic solutions 

Asymptotically the photon-structure function (Fz) increases 

proportional to Rn Q2 C5,1-41. Next-to-leading order QCD gives minor 

corrections to this QZ behavior C6l. However, starting from a fairly 

low Q;, the Altarelli-Parisi equations also give contributions to Fy 

which decrease as inverse powers of Rn Q2. These terms have the same 

general form as for a hadron target. In fact, one might speculate that 

they originate entirely from the hadronic component of the photon 

(fig. lc). Though being negligible asymptotically, we have to assess 

their impact on Fy in the present Q2 range. This question is discussed 

in section 2. The net effect appears to be small. 
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1.2 Alternative scenarios 

Being renormalizable and asymptotically free, QCD is generally con- 

sidered to be the only candidate theory of the strong interactions. 

Nevertheless, one may wonder just how sensitive any phenomenological 

conclusion is to the essential elements of the theory. For this purpose 

it is useful to change basic ingredients of the theory in an ad hoc way, 

and examine the resulting effects. In section 3 we consider what would 

happen if the gluons were scalar or Abelian vectors and if their short- 

distance coupling to quarks did not run but was simply a small constant. 

It turns out that the structure function is strongly affected by such an 

ad hoc change. For Bjorken x away from 0, it is asymptotically scale 

invariant, i.e., does not rise = in Q2, and it is strongly peaked 

(diverging) at x = 0, unlike the experimental data. 

1.3 Structure of final states 

The hadronic event structure reflects the underlying process. The 

pointlike component of the photon [5,71 gives rise to jets emerging at 

large angle to the axis of the real and virtual photon in ey + e'X. 

By contrast, the hadronic component to the photon will give a jet struc- 

ture predominantly along the collision axis. Large angle jets only 

emerge as an (/(us) effect in this case, forming a triplet of jets. 

Since the hadronic and pointlike structure of the photon are important 

at low and high Bjorken x, respectively, we expect the event structure 

to be x-dependent. We take this up in section 4. 

The main background process to inelastic ey scattering is the in- 

elastic Compton effect C43. A complete final state analysis of this 

process is found in appendix C. 
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2. PHOTON STRUCTURE FUNCTIONS 

We recapitulate some generalities here for the sake of completeness. 

The ey cross section for e'(p) + y(k) + e'(p') + X is [4] 

do = 4ncx2(W 
dxdyd$/2m Q4 

1 + (1-y)2 2xF; + E(Y)F; + ~(5) c(y)F; 1 (2) 

where x=Q2/2(kq), y= (kq)/(kp), <=Ey/Ebeam and s(y)= 2(l-y)/Cl+(l-~)~l, 

so that c(y) and ~(5) are the degree of polarization of the virtual and 

real photons; 3 is the angle between the scattering planes of the small 

angle and large angle e'. One often uses the structure function F2(x,Q2) 

and the quark distributions q(x,Q2), 

- 
F;(x,Q2) = 2xF;(x,Q2)+F;(x,Q2) (3) 

Fz(x,Q2) = ~xF;(x,~~) 

= x g ef [q(x,Q') + G(x,Q2) ] 

(4) 

Ignoring strong interactions as a zeroth order Born approximation 

(as -+ 0) [fig. la], 

a<e4> FY N - 
C 

x2 + (l-x) 2 
T 2R 1 ?J 

a<e4> 
Q2-+co 2T 

x2 + (l-x)2 
3 

4a<e4> 
F::= T x2(1-x) 

(5) 

Fy N 
X IT 
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where W2 = Q2(l-x)/x and <e4> = 3 c ez (sum over flavors). The quark 

mass is p, and for light quarks we replace u by the inverse of the 

confinement range, p + A. From the above we have 

q(x,Q2jBorn = 3ez -& [x2 + (~-x)~] En $ 

2 
f eq d WBorn Rn % 

A 

(6) 

for each flavor species. 

Including gluon radiation gives calculable corrections to 

Fz L(x,Q2) [fig. lbj. To leading order in a s the quark and the gluon 
, 

distributions are given by 

~ aq(m,t) = e2 d(m) 1 
at q Born + 2nbt Aqq(m) sh,t> + AGG(m) G(m,t) 1 

aGb,t) 1 _ 
at 2nbt c AGq(m) q(m,t) + AGG(m) G(m,t) 

42 

where the notation is as follows. We write the moments as 

q(m,t> = s dx xm-' q(x,t) [and similarly for G(m,t)l, setting 

t = Rn(Q2/A2) and 2nb = (33-2nf)/6. The anomalous dimension matrix 

A 
ij is given in appendix A. Equations (7) are solved by a change of 

variable s = !Ln(t/to) for the nonsinglet and singlet moments 

Ab,s> = 92/3 b,t> - qli3 Cm, t> 

Z(m,s) = 
CL 

qh,t) + q(m,t) . I 
fl 

(7) 

The solutions for the quark distributions are easily found to be 
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A(m,s) = A(m,O) exp I- dNSs/ + $":yIoin [1- expl-[l+dNS)s \]t (8) 

E(m,s) = 
G(m,O)+ p-C(m,O) I + expjA_s/ (m,O> - P+C(m,O) I 

p- - 1-I+ 
(9) 

5nf d (m)Born ‘- 
- + 9 u--u+ (l-x+ [I - ewj-(l-A+) j] --$ [1- exnj-(l-Ljstl)i 

where dNS, A, and P'+ are recorded in appendix B. For large Q2 they 

approach the well-known asymptotic values 

1 d(m)Born 
Am(m,s> = 7 1+ dNS 

511~ d(dBorn 
Cmh,s) = --g- ~ _ ~ 

+ 

(10) 

(11) 

independent of the initial conditions at s = 0. 

In contrast to these asymptotic solutions, eqs. (8) and (9) require 

input values for q(x,Qi) and G(x,Qi) at some reference Q2 = Qi. For 

low Qi one expects substantial contributions to the parton densities 

from the hadronic photon component. CWe are not sure though, whether 

there is any Q, at all, even in the 51 GeV range, where the photon is 

nothing else but a degenerate vector meson.1 

The hadronic piece of the photon structure function [fig. lcl is 

usually estimated from p" meson dominance C2,41, Iy>had = (e/fp)/p> . 

Ignoring the small C$ contribution [s quarks contribute sixteen times 

less than u quarks] and also the small w contribution [for fi = Sf21 
P 

we derive 
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xq(x) 

(12) 

0 where q(x) is the quark distribution in p . An estimate of q(x) can be 

extracted from lo pair production in r-nucleon scattering, with the result 

that xq(x) ,N %(1-x). 

In the operator product expansion it is more natural to add the 
* 

vector mesons p,w coherently. From 

IY> had * p IQ> + f- Iw> + f- IQ> 
P w cp 

we deduce an increase of the VDM contribution by a factor 1.6, 8 2 
F2(dhad = 7 q(x) l 

(13) 

(14) 

To assess the influence of the input values on the behavior of 

the photon structure function in the presently experimentally explored 

(x,Q2) domain, we have compared the evolution of quark densities, derived 

from eqs. (8) and (9), with the variation of their asymptotic form over 

the Q2 range from 2 GeV2 to 100 GeV2 [9]. At Q; = 2 GeV2 we used a flat 

xq(x,Qi) as suggested by PLUTO data and we put xG(x,Qi) = 0, [Our 

results are insensitive to this last assumption.] Falling back upon 

experimental data for the initial conditions we don't need a detailed 

picture of the origin of the parton densities at Qi. We show the ratio 

* 
This has also been discussed for large p, physics in ref. C81. 
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of the full and asymptotic q2,3(m,Q2) in fig.~ 2 for A2 = 0.1 GeV2, 

The deviation from the asymptotic behavior is small, even in the low 

Q2 range ,$ 20 to 30%. This renders ey scattering a valuable instrument 

to explore quantum chromodynamics. In fig, 3 we show the integral of 

F2(x,Q2) together with available data as a function of Q2. 
* 

The experi- 

mental data are in reasonable agreement with the 'QCD prediction across 

two orders of magnitude in Q2. 

3. ALTERNATIVE SCENARIOS 

The Born approximation, g enerally paraphrased as the parton model 

prediction, is of course independent of the strong interaction theory 

considered. The differences between QCD and an alternative scenario 

appear when gluon radiation is taken into account. One can replace 

QCD by theories with the scalar gluons or Abelian vector gluons (see, 

e.g., ClOl). Then the anomalous dimensions change; they are listed in 

appendix A. More important is the choice of a fixed (nonrunning) 

short-distance coupling. Equations (7) are changed to 

* 
aqb,t) = 2 

at eq d Cm> Born +: q(m,t) + AqGh) Gh,t) 
I 

(15) 

and similarly for G(x,t) Cu*is the small, fixed coupling constant]. 

These equations are solved by the replacement s = an(t/to) + t- to = 

kn(Q2/Q$ l The solutions for the nonsinglet and singlet distributions 

are 

A(m,t) = A(,,t,) exp{-dNS(t-to)\ + i d(~~~orn [l- expl-dNS (t-to) I] (16) 

* 
This integral contains a nonleading (Q2 independent) piece which is 
numerically small. We estimated its magnstude from the nonleading 
box contribution together with the (low Q > integral of eq. (14). 
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E(m,t) = 

w\h+ (t-to)\ [-G(m,tO) + u-~(n,to)] + expjL (t-to)\ [G(m,tO) - p+z(m,tO)] - P - - F-+ 
5nf 

+-?- d~~~~[~ [1 - exp~h-~t-tO)/ ]- t [I - exp{h+[t-to) \]).(17) 

The m dependent coefficients are the same as in appendix B, except that 
* 

the QCD matrix A.. 
1J 

is replaced by the corresponding values given in the 

table of appendix A, and 1/2'rrb by c? 12~. For h+(2) = 0, the first term 

in the last brackets is to be rewritten as u-(2)(t-to). Most interesting 

is the asymptotic form of the distributions for large Q2, 

*ym,J) = + 
d Cm> 

d Born ’ 
NS 

and the total quark momentum, 

5nf Cco(m=2,t) = --9- 
~$9 d(21Born 

-- Rn 
$ 

11-w - P+(2) 
2 

QO 

(18) 

(19) 

There is a fundamental difference between QCD and theories with small 

fixed coupling constants. While in QCD the number of quarks rises 

2 2 
uniformly for all x with energy a an(Q 1, we find Q independent, scale- 

invariant quark distributions for all finite x away from O-in fixed 

coupling theories. The logarithmically increasing number of quarks in 

the basic y splitting + qi before gluon radiation starts, accumulate 

at x + 0; this is evident from the logarithmic divergence of c(2,t) in 

eq. (19), This result is physically plausible. In fixed coupling 
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theories, the increasing number of quarks from y + q; (Born term) is 

lost at finite x entirely through gluon bremsstrahlung. In QCD, however, 

gluon bremsstrahlung is weakened due to the asymptotically decreasing 

coupling constant. The net result is a well-balanced gain and loss, 

resulting in just a change of the x shape of the gluon-radiation correc- 

ted photon structure function relative to the parton model. c 

In fig. 4 we compare the asymptotic shapes [with arbitrary normali- 

zation] of the 2/3 charge quark distributions in QCD with scalar and 

Abelian vector gluon theories with fixed coupling constants. It is 

evident that the asymptotic forms of fixed coupling theories don't match 

the experimental data [91 of the photon structure function whereas 

QCD does. 

The absolute magnitude of Aa and Cm(m>2) is @(~/CL*) while Cco(2,t) 

-is independent of u* ca << a * of course for eq. (15), et‘cetera, to be 

valid]. The strong coupling constant in the denominator is plausible 

since the weaker gluon bremsstrahlung the larger will be the number of 

quarks at finite x. As the asymptotic expressions for scalar gluons 

are simple, we note them explicitly, 

A”(m) 4 1 
A(m't)Born = l _ 2 * 2 ' 

m(m+l) k Rn % 
1-I 

Cm (m>2) 4 1 
Cb>2,tlBorn = 1 6 * 2 ’ 

m(m+l) k En% 
1-I 

CQJ(m=2,t) 1 
= C (m=2, t> Born 1 l 

' + 18nf 
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Choosing a*/271 5 1, a value required to simulate an @(lo%) 3-jet rate 

+- in e e annihilation, we find that the Born terms start overshooting 

the scalar asymptotic forms at Q2 = d(50 GeV2). 

4. FINAL STATES 

The final state from the pointlike term in Fz is distinctive. 

There will be jets at large angles to the yy* 
c 

collision axis (fig. 5a) 

already in zeroth order of the QCD coupling constant. By contrast, 

the hadronic piece of the photon will give limited pT relative to the 

yy* collision axis (fig. 5b), plus @(as) corrections which will give 

a small hard tail to the pT distribution. We first calculate the Born 

approximation to the pointlike term. 
- 

Including the angular dependence, the cross section for yy* -+ 2 jets 

is defined by three structure functions, 

do = 4.rra2(kp) 
dxdydS1/4.rr Q4 C 

1 + (l-y)2 1 
(20) 

X 2XFT(x,Z) + E 0’) l++ cos2x FL(x,z) + p(y) cosx FA(x,z) > 1 
where z = cos6, 0 being the polar angle of the jets relative to the YY* 

axis in the ems, and y, is the azimuthal angle between the plane formed 

by the yy* and jet axes and the (large angle) e' scattering plane; 

P(Y) = 
(2-Y) fi 

1+ (l-y)2 
. 

This general structure follows from a helicity analysis of electron 

scattering processes 1111. The Born term structure functions can 

easily be derived from the helicity amplitudes for the box diagrams cl21, 



- 12 - 

a<e4> 
FT(x,z) = -y-- x2 + (l-x)2 1 1+z2 - 

l-z2 
, 

4a<e4> 
FL(x,z) = 71 x2 (1-x) , (21) 

4a<e4>. z FA(x,z) = R 
K-2 

(1-2x) m . 

After integrating over 0 we rediscover the transverse and longitudinal 

structure functions of eq. (5). The z-dependence of Fi(x,z) is sham 

in fig. 6 for two typical x values. 

Transverse momentum distributions relative to the yy* axis will be 

of experimental interest. We estimate these,ignoring uncertainties in 
- 

the axis caused by QCD radiative corrections. 

The distribution in jet transverse momenta-p2 T,jet 
=‘ +W2 sin20 

follows from eqs. (20) and (211, 

W2 
4 

/ 
dz 1+z2 

l-z2 
l-z2 > 

s 
dz 1+z2 

l-z2 

(22) 

1 W‘ N 
3 Rn W2/h2 

again introducing pL + A‘ in the argument of the logarithm. This is 

shown in fig. 7a. 

The single particle pg spectrum needs an estimate of the nonper- 

turbative effects. Following ref. cl31 we take for the produced hadrons 

in a single event 
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(p;) = (p$)Np + (Pi)sin29 - +(pG)Np sin26 (23) 

where 

ignoring scaling violations in the one-particle fragmentation functions 

D,(E) l Averaging (23) over many events we find 

(24) 

For our estimates we take <p2> TN-P 
= 0.17 GeV2 and <c2> = 0.042 1131. 

The second term in the bracket in eq. (24) is then very small. In 

fig. 7b we show <pG> as a function of W together with the VDM expecta- 

tion, <p$>VDM = <P;>~~. As expected, the pointlike contribution domin- 

ates at large pT. In fig. 8a we convert this to <p$> as a function of 

Bjorken x. Large W corresponds to small x where the hadronic piece is 

important and where gluon bremsstrahlung corrections to the Born approx- 

imation should be large. Away from x = 0, we expect that the Born term 

gives a good first approximation to <PC>. Figure 8b shows <pt> at 

Q2 = 100 GeY2 weighted by the relative fraction of hadronic and point- 

like (Born) cross sections. A considerable increase of <p$> relative 

to the VDM value is expected at large W. 



- 14 - 

Acknowledgements 

Two of us, C.P. and P.Z., thank S. Drell for the hospitality 

extended to them at SLAC. We gratefully acknowledge numerous discussions 

on yy physics with Ch. Berger, S. Brodsky, D. Burke and W. Wagner. 



- 15 - 

Appendix A 

Anomalous dimensions 

Moments of parton probabilities for QCD, Abelian-vector gluons 

and Abelian-scalar gluons (see also 191). In all cases, quarks are 

assumed to come in three colors, and the color degrees of freedom 

are always summed over. We have chosen nf = 4. 

Aqq (d 

- 

AGq b-d 

AqG Cm> 

hGG 6-d 

QCD 

4 1 
1 

1 
3 '7 +m(m+l)- 25 

1 
L 2 J 

4 2+m+m2 

' m(m2-1) 

1 2+m+ m2 
7 m(m+l>(m+2) 

3 l+ 
i 

2 
-6 m(m-1) 

L m 

+ (m+l)'(m+2) - 
"f 1 2x+-T; 

2 - 

Abelian 
Vector Gluons 

m 
1 -- 1 -2 1 
2+m(m+l) c T 

J 
2 

2+m+m2 

m(m2 - ij 

3 2+m+m2 
m(m+l) (m+2) 

- 2nf 

- 

Abelian 
Scalar Gluons 

-t-['-m(i+l)] 

1 
2 (m+l) 

3 - 
m 

- 3nf 
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Appendix B 

Inhomogeneous parton-shower equations 

To obtain the solution for Z(m,s), we consider the equations 

where 

5nf 
fB(m,s) = 9 d Cm> 

S 

Born tO e 

5nf m2+m+2 S =- 
9 % m(m+l)(m+2) tO e 

The eigenvalues and corresponding eigenvectors are given by* 

x 1 AGG-Aqq)2 + 8nf AqG AGq = - 
?I 2 2rb 

(B-1) 

(B.2) 

with 

( A 
~G-~qq) ' JCA~GmAqqJ2 + 8nfAqGAGq 

p+ = 4nfAqG 
(B.3) 

They determine the development of the homogeneous part of the differen- 

tial equations from the initial distributions at s = 0, 

* 
Note that dNS = -Aqq/2rb. 
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+ p-C(m,O) -u+Z(m,O) 1 . (B.4) 
1-1- - p+ 

Similarly the inhomogeneous part is given by 

CIHb,s) = , 
u - 11. 

(B.5) 

5nf d(m) to Born =- 
9 u- - p+ 

X 

[ 

y-+- (ew{s} - expjh+s I)- y$-- (-p(s) - exp{A-s\)]* 
- . 

This asymptotically leading term is independent of the initial conditions 

at s = 0. 



- 18 - 

Appendix C 

Inelastic Compton process 

The inelastic Compton process eY -t e'y*, y* -t q;i is the main back- 

ground to deep inelastic ey scattering. In ref. [4l this background was 

shown to be controllable. For completeness, we here give the full angular 

dependence of the cross section. 8' 

do 
dxdydco&dx/2T = 2~r CL o(M2) 2 [I + (1-y) '1 1 i (l+ cos2ebT (c l> 

. 

+ j- sin20 1+ +cos2x 1 3 c(y) aL+ -z; sin20 cosx aA 

where 

'T = x2 + (l-x>2 , 
- 

OL = 2x(1-x) , 

UA = (1-2x) G&5 . 

cc.21 

a(M2) is the e+e- annihilation cross section at M 
2 = sy(l-x). After in- 

tegrating over 0,~ one recognizes the well-known x,y form of the inelastic 

Compton cross section.* 

* 
Due to a misprint, a factor (-x) was omitted in the last term within the 
square bracket of eq. (C3) in ref. 141. 
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Figure Captions 

Fig. 1. Three different contributions to the photon structure function: 

a) quark-pair production; 

b) QCD corrections to (a); 

c) hadronic contribution, y = p, w, $, . . . (VDM) . 

Fig. 2. Ratio of the full to the asymptotic QCD solution for q2,,(m,Q2); 

the quark distrubutions are assumed to be flat at Qi = 2 GeV2 

and the gluon component is neglected there; A2 = 0 1 GeV2 . . 

Fig. 3. Integrated F2(x,Q2) in QCD compared with data from ref. [91. 

Notice that the data include cuts lowering the value of 

the integral by 6(20%). 
- 

Fig. 4. Asymptotic quark distributions for QCD, a scalar and 

an Abelian vector gluon theory; also shown is the 

common B.orn term. Normalization is arbitrary. 

Fig. 5. Final state jets of inelastic ey scattering in the yy* ems: 

a) pointlike, and 

b) VDM mechanisms. 

Fig. 6. z = case dependence of FT, FI, and FA req. (21)1 for: 

a) x = 0.2, and 

b) x = 0.8. 

Fig. 7. 2 a) <pT> for an emerging jet as a function of W in ey + eq;i ; 

b) <pi> for a single hadron as a function of W from the 

Born term and the VDM contributions, respectively. 
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Fig. 8. 
2 a) <p,> for a single hadron as a function of Bjorken x at 

Q 2 = 10 and 100 GeY 2 from the Born term and VDM contribu- 

tions, respectively. 

b) <p;> for a single hadron as a function of x at Q2 = 100 GeY2 

weighted by the Born term and VD?Y contributions. 
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