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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
bremggtrahlung we find that the photon structure functions rapidly
approach their asymptotic form which can be cal;ulated in QCD.

(ii) Replacing QCD by a theory with fixed quark—giuon coupling
constant [scalar or Abelian gluons] 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 [1-4]. This contrasts with scattering on a nucleon
target where only the Q2 evolution of the structure functions is predic-
ted; the structure functions themselves are not (yet) calculable.

In this paper we expand our earlier work [4] on a number of points.
We continue to exploit the zeroth order Born approximation [5]1 (fig. la)
and also lowest order QCD via the Altarelli-Parisi equations (fig. 1b).
This is adequate to our purposes here. (Higher order QCD corrections

to the structure functions themselves have been extensively studied

elsewhere [6].)

1,1 Approach to the Asymptotic solutions

Asymptotically the photon-structure function (F%) increases
proportional to in Q2 (5,1-4]. Next-to-leading order QCD gives minor
corrections to this Q2 behavior [6]. However, starting from a fairly
low Q%, the Altarelli~Parisi equations also give contributions to FY
which decrease as inverse powers of in QZ. These terms have the same
general form as for a hadron target. 1In fact, one might speculate that
they originate entirely from the hadronic component of the photon
(fig. 1lc). Though being negligible asymptotically, we have to assess
their impact on F' in the present Q2 range. This question is discussed

in section 2., The net effect appears to be small.



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 phenomenoclogical
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 « gn QZ, 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 [5,7] 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 O(as) 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 [4]. 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 ei(p) + y(k) » ei(p') + X is [4]

2
do _ 4ra” (kp) 2 ¥ Y Y
dxdyd¢/2m & [1 + (I-y) ][2xFT + e(y) F] + e(2) e(y) FX] (2)

where x==Q2/2(kq), y= (kq)/(kp), c==EY/Ebeam and e(y) = 2(1—y)/[1+(1—y)2],
so that e€(y) and e€(g) are the degree of polarization of the virtual and
real photons; ¢ is the angle between the scattering planes of the small
angle and large angle ei. One often uses the structure function FZ(X,QZ)

and the quark distributions q(x,Qz),

FZ(X,QZ) ZXF;(X,Q2)+FE(X,Q2) (3)

R

ﬁzf(x,qz) 2x F%(X,Qz)

(4)
22 [aed) - i)

Ignoring strong interactions as a zeroth order Born approximation

(g 0) [fig. lal,

4 2

Y oo oKe > 2 2 W
BT o~ o7 [ x~ + (1-x) ] n 5

u
4 2
— E%SFZ [ x2 + (l—x)z] Rn-gE
Q+oo A
4a<e4> 2 )
Fz ~ — - X (1-x)

Y u<e4> X3
X Ll
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where WZ = Qz(l—x)/x and <e4> =3 Z:e: (sum over flavors). The quark

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

confinement range, p > A, From the above we have

2
2 ~ 362 & |42 2 Q_
Q(X,Q )Born o 3eq on [ﬁx + (1-x) ] n A2
) (6)
- 2 Q.
= eq d(x)Born Ln Az

for each flavor species.
Including gluon radiation gives calculable corrections to

F; L(x,Qz) [fig. 1bJ. To leading order in ag the quark and the gluon
b

distributions are given by

: zgtg 2 - efld(m)Born-'_ 27let [Aqq(m) 1@, £) + Agg(m) G(m’t)]

(7)

3t 2mbt Z Agqm@ a(m,£) + Agc(m) G(m,t)]

3G(m,t) 1 [
59

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

q(m,t) = f dx xm—lq(x,t) [and similarly for G(m,t)], setting

t = Qn(QZ/Az) and 27b = (33—2nf)/6. The anomalous dimension matrix

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

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

A(m,s) = q2/3(m,t) - ql/3(m,t)

> [ q(m,t) + a<m,t>] .

fl

It

T (m,s)

The solutions for the quark distributions are easily found to be



1 d (m)

A(m,s) = A(m,0) exp;- stsi + -5-1—+];§-§£ [1— expi—(l+dNS)s %]t (8)

expg)\_*_s 2 [—- G(m,0)+yu_Z (m,O)] + exp;)\__s g [G (m,0) - wz (m, 0)]
- u

z(m,s)

5n,. d(m)

+ 9f w —Bﬁin ( 11_1;+ [1 B eXP;'(l_h)S%] - 13 [1 B expg—(l_x*)sg ] )t

where dNS’ A, and u, are recorded in appendix B, For large Q2 they

approach the well-known asymptotic values

- d (m) 2
A (m,s) = _;___ngC)ﬁ n % (10)
NS A
o _ 5nf d<m)Born M u+ .QE
r (m,s) = 5 — o T 1o Ln 5 (11)
i + - I

independent of the initial conditions at s = O.

In contrast to these asymptotic solutions, eqs. (8) and (9) require
2
O.

2 . - . A
low QO one expects substantial contributions to the parton densities

input values for q(x,Qé) and G(x,Qé) at some reference Q2 = Q For
from the hadronic photon component. [We are not sure though, whether
there is any Q0 at all, even in the <1 GeV range, where the photon is
nothing else but a degenerate vector meson. ]

The hadronic piece of the photon structure function [fig. lel is
usually estimated from p0 meson dominance [2,4], |Y>had ~ (e/fp)|p> .
Ignoring the small ¢ contribution [s quarks contribute sixteen times

2 2

less than u quarks] and also the small w contribution [for fm = pr]

we derive



2 2 1
Py = 2[%(%) 5 %) +§<—§—> %xq<x>J
P P
2
- %(f—) xq (x)
p

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

(12)

extracted from y pair production in m-nucleon scattering, with the result
that xqx) = L(1-x).
In the operator product expansion it is more natural to add the

*
vector mesons p,w coherently. From

e e e
lY>had ~ 3 lo> + £ |w> + 7 |@>
p w ® (13)
e 2 - 1 .= 1, =
i = V2 [5 |uu> -3 Idd)*—g [ss)] s
P
~ we deduce an increase of the VDM contribution by a facter 1.6,
8 e 2
Fo®)iaa = 9 (E;) xq(x) . (14)

To assess the influence of the input values on the behavior of
the photon structure function in the presently experimentally explored
(X,QZ) 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 Qé = 2 GeV2 we used a flat
2 2

xq(x,QO) as suggested by PLUTO data and we put xG(X,QO) = 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 Qé. We show the ratio

*
This has also been discussed for large P, physics in ref. [81.
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2
of the full and asymptotic q2/3(m,Q2) in fig. 2 for Az = 0.1 GeV™,

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
Fz(x,Qz) together with available data as a function of QZ.* The experi-
mental data are in reasonable agreement with the QCD prediction across

two orders of magnitude in Qz.

+ 3. ALTERNATIVE SCENARIOS

The Born approximation, generally 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., [10]). 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

*
3 2
g(rgtzt) - eq d(m)Born + %1? [Aqq(m) q(m,t) + AqG(m) G(m,t)] '(15)

*
and similarly for G(x,t) [a is the small, fixed coupling constantl].
These equations are solved by the replacement s = ln(t/to) >t~ t0 =

ln(Qz/Qg). The solutions for the nonsinglet and singlet distributions

are
d(m)

Alm,t) = A(m,to> exp%—dNS(t—to)§-+-§ ——:gé?ﬂzl [1— exp%—dNS(t—to> %] (16)

*

This integral contains a nonleading (Q2 independent) piece which is
numerically small, We estimated its magn}tude from the nonleading
box contribution together with the (low Q°) integral of eq. (14).



'

L(m,t) =
explh, (et )} |6 {moco) + vt (‘“’fp)]ff"*’%t o) [ofm <o) - w2 (mu o)
5n, d(m U ) ) H ()
et (i [ et |5 [ b))

The m dependent coefficients are the same as in appendix B, except that
the QCD matrix Aij is replaced by the correspondigg values given in the
table of appendix A, and 1 /27b by (f /27, For A+(2) = 0, the first term
in the last brackets is to be rewritten as u_(Z)(t—tO). Most interesting

is the asymptotic form of the distributions for large Q2,

© 1 d(m)Born\
Am,e) =3 g
NS
_ (18)
S 5nf d(m)Born My L
I (m>2,t) = 3 — T
Bl - M
and the total quark momentum,
5n, u_(2) d(2) 2
£ (m=2,t) = 9f Born zn% (19)
: p_(2) - u, (2) Qq

There is a fundamental difference between QCD and theories with small
fixed coupling constants. While in QCD the number of quarks rises
uniformly for all x with energy « Rn(Qz), we find Q2 independent, scale-
invariant quark dist}ibutions for all finite x away from 0 in fixed
coupling theories. The logarithmically increasing number of quarks in
the basic y splitting qq before gluon radiation starts, accumulate

at x > 0; this is evident from the logarithmic divergence of I(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 -+ qq (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 par?on model.

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 [9] of the photon structure function whereas
QCD does.

The absolute magnitude of A" and Zm(m>2) is @Ka/a*) while Zw(z,t)
'is independent of a* [a << o of course for eq. (15), etqcetera, to be
validl. 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
Alm, t) - 2 * 2 ’
Born - TN 9 Q"
m{m+1) o7 n 7
U
5 (m>2) _ 4 1
L(m>2,t) - 6 * 2 ’
Born -— O Q-
m{(m+1) o n 5
u
Zm(m=2,t) _ 1
T(m=2,t) 1 '

Born 1+ th
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%
Choosing a /27 < 1, a value required to simulate an ¢@(10%) 3~jet rate
+ — .
in e e annihilation, we find that the Born terms start overshooting

2
the scalar asymptotic forms at Q@ = €(50 GeVz).

4, TFINAL STATES

The final state from the pointlike term in FZ is distinctive.
There will be jets at large angles to the YY* coiaision axis (fig. 5a)
already in zeroth order of the QCD coupling constant., By contrast,
the hadronic piece of the photon will give limited 2 relative to the
YY* collision axis (fig. 5b), plus d?(as) corrections which will give
a small hard tail to the Py distributiqn. 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,

2
do _4ma” (kp) 82 ]
dxdydQ/4m 4 [ 1+ (1-y)

Q (20)

x [ZXFT(x,z) + e(y) (14“% cost) FL(x,z) + p(y) cosy FA(x,z) ]

*
where z = cosf, 6 being the polar angle of the jets relative to the yy
axis in the cms, and ¥ is the azimuthal angle between the plane formed

* +
by the vy and jet axes and the (large angle) e~ scattering plane;

(2-y)vV1-y

p (¥) ;
1+ (1-y)

This general structure follows from a helicity analysis of electron
scattering processes [11]. The Born term structure functions can

easily be derived from the helicity amplitudes for the box diagrams [12],
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4 2
P = 222 [Py a-0?] 1tz
1-2
hae®> 2
FL(x,z) = — X (1-x) s (21)
4a<e4> z
FA(x,z) — (1-2%) Yx(1-x) .
2
1~z

After integrating over 6 we rediscover the transverse and longitudinal
structure functions of eq. (5). The z-dependence of'Fi(x,z) is shown

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.

-2 . 2 .2
The distribution in jet transverse momenta P jet = LW sin"6
H

follows from eqs. (20) and (21),

2
2
2 “/Ez l;tj%z (1-—2 )
2 >> - W 1-2
Pr jet A L+ 2
JrAZ 2
l1-2

(22)

1 WZ

3 n W2/A2

again introducing u2 -> A2 in the argument of the logarithm. This 1is
shown in fig. 7a.
The single particle p% spectrum needs an estimate of the nonper-

turbative effects. Following ref. [13] we take for the produced hadrons

in a single event
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NP

<p2> = <p2> +<P2 sin%6 -1<P2> sin’g (23)
T T I 2 \'T

NP
where

2
fda<a -g) D ()
fda D (e)

i)

ignoring scaling violations in the one-particle fragmentation functions
Dq(é). Averaging (23) over many events we find

2\ 2 2<pi2r>
- <p§>=<p§>NP+.;_~<_€_>_w_ - (o4

n WZ/A2

For our estimates we take <P$>NP = 0,17 GeV2 and <E2> = 0,042 [13].

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

fig. 7b we show <p%> as a function of W together with the VDM expecta-
tion, <p%>VDM = <p%>NP' As expected, the pointlike contribution domin-
ates at large pp. 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 fhe Born term
gives a good first approximation to <p%>. Figure 8b shows <p§> at

Q2 = 100 GeV2 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.
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and Abelian-scalar gluons (see also [91).
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Appendix A

Anomalous dimensions

Moments of parton probabilities for QCD, Abelian-vector gluons

In all cases, quarks are

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

are always summed over.

We have chosen ne = 4,

cD Abelian Abelian
Q Vector Gluons Scalar Gluons
m
4 1 1 1 1 1- 2
Ag™ 1 3| m(m+l) Z _+m(m+1) Z 4 [ m (o)
2
A (m) 4 2+m+m2 2+m+m2 1
3 Y. 2 (m+1
Gq (- 1) n(@Z-1) (m+1)
A (m) 1 2+m+ m 3 2+ m+m’ 3
qG 2 m(mtl) (m+2) m{(m+1) (m+2) m
1 2
3 - 6 + m(m-1)
AGG (m) Df - an - 31'1f

2 1
F D G 2T
2
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Appendix B

Inhomogeneous parton~shower equations

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

. Z(m,s) £ (m,s) . Aqq(m) anAqGCm) Z(m,s)
s = 27b
G(m,s) 0 AGq(m) AGG(m) G(m,s)
where
Snf s
fB(m’S) CH d(m)Born to ©
_ _ Snf m2+m+2 es

QWM TmTe ¢
9 27 m(m+l) (@mr2) O

- T %
The eigenvalues and corresponding eigenvectors are given by

1 (Aoct8gq) * J(AGG_Aqq)2 + 8ng A g Agg

A =
2 21b
e
Y
\)i « -
1
with
(A -A )J.r \/(A -A )2+8nA A
B W GG~ “qq £ 246 Paq
+ aanqG

(B.1)

(B.2)

(B.3)

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

tial equations from the initial distributions at s = O,

%
Note that dNS = —Aqq/Zﬂb.
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exp%k_l_sz[—G(m,O) + u_Z(m,O)} + exp;k_s%[G(m,O) - u+2(m,0)]

ZH(m,S) = . (B.4)
M_ =Wy
Similarly the inhomogeneous part is given by
S ro .
-/(; ds' fB('m,sf)[u_ expgk_}_(s— s')%— u exp%)\_(s- s')E]
ZIH(m’S) = B 4
H_ U+
(B.5)
- Snf d(m)Born tO
9 Mo~ oMy
u_ Wy
- y 1_}\+ (exp{s} - engers%)— 1= % (‘exp{s} - expgk_sg)

This asymptotically leading term is independent of the initial conditions

at s = 0.
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Appendix C
Inelastic Compton process
* * - ry »
The inelastic Compton process eY > e'y , y = 49 is the main back-
In ref. [4] this background was

ground to deep inelastic ey scattering.
For completeness, we here give the full angular

shown to be controllable.

dependence of the cross section.

do _ i 2 2 _3— )
dxdydcos6dy/2m 2w O(M ) 1y [1 + (1-y) ] { s <}+-cos 8) oo
: (c.1)
+ é—sinze 1+'£C052 e(y) o +'§-sin26 cosy O
b 7 COSEX | €I OL T g N
where
2 2
Op = X + (1-x) R
o, = 2x(=x) -, (€.2)
Oy = (1-2x) ¥ x(1-%) .
2 _ .
= sy(l-x). After in-

2, . + - o . .
o(M“) is the e e annihilation cross section at M

tegrating over 8,x 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. [4].
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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);

¢) hadronic contribution, vy = p, w, ¢, ... (VDM)

2
Fig. 2. Ratio of the full to the asymptotic QCD sqlution for q2/3(m,Q );

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

and the gluon component is neglected there; A2 = 0.1 GeVz.

Fig. 3. Integrated FZ(X,QZ) in QCD compared with data from ref. [91].
Notice that the data include cuts lowering the value of

the integral by @(207).

Fig. 4. Asymptotic quark distributions for QCD, a scalar and
an Abelian vector gluon theory; also shown is the

common Born term. Normalization is arbitrary.

%
Fig. 5. Final state jets of inelastic ey scattering in the yy cms:

a) pointlike, and

b) VDM mechanisms.

Fig. 6. 2z = cos® dependence of Fp, F; and F, feq. (21)] for:

a) x = 0.2, and

b)) x 0.8.

Fig. 7. a) <p%> for an emerging jet as a function of W in ey ~ eqa 5
b) <p%> for a single hadron as a function of W from the

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

Q2 = 10 and 100 GeV2 from the Born term and VDM contribu-

tions, respectively.
b) <p%> for a single hadron as a function of x at Q2 = 100 GeV2

weighted by the Born term and VDM contributions.

-
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