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ABSTRACT 

Recent theoretical developments in the field of inelastic lepton-nucleon scattering are reviewed with emphasis on physics 
at HERA. Structure functions at small Bjorken-z are discussed in detail. Further topics are photoproduction of jets, 
the gluon densities in proton and photon, charm physics, electrowea.k processes and the search for new particles and 
interactions. 

Structure :E\tnctions 

Inelastic lepton-nucleon scattering is characterized 
by three kinematical variables, the total center-of-mass 
energy s, the invariant momentum transfer Q2 and 
Bjorken's scaling variable x. They read in terms of the 
four-momenta of the scattering process (cf. fig. (1», 

Q2 
(1)x= 2v ' 

w here v = P . q. Different experiments differ in the 
range in x and Q2 which they can probe. In the past 
fixed target experiments have studied the domain x > 
0.01, Q2 < 300 GeV2 • At HERA this kinematic region 
has been extended by two orders of magnitude in each 
direction down to x > 10-4 and up to Q2 < 3· 104 

Ge V2 • Hopefully, in the future a further extension by 
one order of magnitude in x and Q2 will be achieved at 
LEP®LHC. 

Ifk) 

N 

Figure 1: Inelastic lepton-nucleon scattering 

What is the prediction of Quantum Chromodynam­
ics (QCD), the theory of strong interactions, for inelas­
tic lepton-nucleon scattering? Let us briefly recall the 

basic theoretical ideas (cf., e.g., [1,2]). The inclusive 
cross section is obtained by summing over all final states 
X. In the case ofone-photon exchange it takes the form 

du(IN) =E du(IN -+ I'X) ex LIlliWJ.&If. (2) 
.N 

Here LJ.&1f is the well know leptonic . tensor , and the 
hadronic tensor WJ.&Jf is determined by the two struc­
ture functions Fl .and F2, 

Wp"(P,q) = (-gP" + q;~") FI(x,Q') 

+; (pp - ;'qp) (p" - ;'q") F,(x, Q'). (3) 

One of the most important predicti~ns of QCD is the 
occurence of scaling in the Bjorken limit v, Q2 -+ 00 

with x = Q2/2v fixed, broken by logarithmic devia­
tions. In the Bjorken limit the hadronic tensor is domi­
nated by the light-cone and can be calculated using the 
operator product expansion. For moments of structure 
functions one obtains, 

(4) 


Here the first factor of the product is given by the non­
perturbative "reduced" matrix element < NID{IN > 
of an operator with spin J, whereas the coefficie;t func­
tion ctJ can be calculated in perturbation theory. Split­
ting the structure functions in a flavour singlet and 
a flavour non-singlet part, F2(X, Q2) = Fl(x, Q2) + 
F{iS(x, Q2), the Q2-evolution of the non-singlet mo­
ments is determined by the simple equation 

-Talk given at the Europhysics Conference on High Energy where '1J is the anomalous dimension of the opera­
Physics, Marseille, July 1993 tor OJ. Due to asymptotic freedom., i.e., Q,,(Q2) ex 



1/bolnQ2/A2 for Q2 > A2, one obtains for the non­
singlet moments at large Q2 

(6) 

This equation yields the logarithmic deviations from 
scaling in terms of QCD parameters. 

Under certain assumptions on the analytic proper­
ties of the structure functions (cf. [1,2]), eqs. (5) for all 
spins J are equivalent to the evolution equation of the 
structure function 

Q2~F.NS(X Q2)_
8Q2 2 , ­

a,(Q2) 11 dX'p (-=-) vNS( I Q2)
I qq I .('2· x, . (7)

21r tC X X 

Pqq is the quark-quark Altarelli-Parisi splitting func­
tion [3] whose moments are proportinal to the anoma­
lous dimensions, fol dxxJ-IPqq(x) ex: /J. The evolu­
tion equation (7) has an intuitive interpretation in the 
QCD-improved parton model, where Pqq(x/x' ) is the 
probability for a quark with momentum fraction x' to 
split into a quark with momentum fraction x < x' and 
a gluon with momentum fraction x' - x. The structure 
function can then be expressed as a linear combination 
of densities q(x, Q2) of the respective quark species in 
an appropriate frame of reference, which is the infinite 
momentum frame. The Q2-dependence of the parton 
densities is mostly due to gluon bremsstrahlung. The 
flavour-singlet part of the structure function Ff (x, Q2) 
mixes with the gluon density g(x, Q2), and the evolu­
tion equation therefore involves a 2x2 matrix ofsplitting 
functions. The entire system of evolution equations for 
structure functions and parton densities is frequently 
referred to as DG LAP equations [3-5]. 

So far we have discussed the "leading-twist" part of 
the operator product expansion in leading-order pertur­
bation theory, which is equivalent to the QCD improved 
parton model. Present analyses include also next-to­
leading order corrections for the leading-twist part and 
estimates of higher-twist contributions' which are of rel­
ative order 1/Q2 , 

where the connection between the leading-twist part 
FfT and the parton densities depends on the renor­
malization scheme. 

Theoretical prediction of scaling violations at large 
Q2 can be compared with a variety of measurements of 
structure functions for neutral and charged current pro­
cesses and of direct-photon production cross sections. 

New results reported at this conference have been sum­
marized by Roberts [6]. Globel fits to all data have 
been performed by several groups [7-9]. All experimen-. 
tal results are consistent with the QCD predictions. As 
a result of their analysis Martin et al. [9] find for the 
strong coupling constant and the QCD scale parameter 

aMS(m~) = 0.112~g:gg:, (9) 

A~~ = 230 ± 55MeV . (10) 

At HERA the accessible range in x and Q2 is ex­
tended by two orders of magnitude. This is apparent 
from fig. (2) where SLAC and BCDMS data on F2 are 
compared with Monte Carlo data for HERA [10]. First 
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Figure 2: Monte Carlo data for F2 as expected at HERA 
with an integrated luminosity of 100 .pb- I , compared 
with SLAC and BCDMS data. The x 'values are given 
in the figure. From [10]. 

results on scaling violations have been reported by the 
ZEUS collaboration [11]. Eventually, one hopes to reach 
a precision of about 50 MeV for the scale parameter 
AMS [12]. Contrary to previous experiments, the strong 
coupling constant can be measured over a large range 
in Q2 at HERA. 

Structure Functions at Low x 

New, interesting results on the structure function 
F2(x, Q2) for values of x below 10-3 have been pre­
sented by the collaborations H1 and ZEUS for different 
values of Q2 [13,14]. Data at two different values of Q2 
are shown in fig. (3). 

What does QCD predict for the small-x behaviour'" 
of parton densities? So far a rigorous analysis based 

"'Many interesting contributions to this subject can be found 
in the proceedings of two topical workshops, Nuclear Physics B 
(Proc. Suppl.) 18C (1990) and Journal of Physics G: Nuclear 
and Particle Physics 19 (1993). 
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on the operator product expansion, as discussed above 
for the large-Q2 behaviour, has not been carried out. 
Almost all approaches to the small-x region extend the 
QeD improved parton model by including some infinite 
series of higher-twist contributions. 

The DG LAP evolution equations imply that par­
ton densities are shifted towards smaller values of x as 
Q2 increases. For x < 0.2 the gluon. density g(x, Q2) 
dominates over the quark densities. To understand the 
behaviour of all densities at very small values of x one 
can first study the evolution of the gluon density only, 

:r::r: 
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Figure 3: H1 (top) and Zeus (bottom) data for F2(x, Q2) 
at Q2 = 15 Gey2 and Q2 =30 Gey2. 

as predicted by the pure gauge theory, which then acts 
as driving force for the quark sea. One has 

Q2 8 ( 2
8Q2 g x,Q ):::::; 

a(Q2) 1.1 dx' x 
~ x -;;-Pgg (x,)g(x',Q2). (11) 

Since for small x, Pgg(xfx') :::::; 6 Xl lx, one obtains the 
differential equation for the gluon density 

8 a 2 12 2 
'81n 1 al Q:lXg(x,Q)=bl ~xg(x,Q). (12) 

x n -;;:r 0 n A:l 

3 

The solution 

xg(x, Q2) ""-J exp (468 In In ~ In~) 1/2 (13) 
o In.::!Jl xA2 

implies that xg(x, Q2) grows faster than any power of 
In( ~) as x -+ O. Asymptotically, this cannot be correct ' 
since it would violate unitarity. However, eq. (13) may 
very well be a good approximation to the true gluon 
density in a certain range of x, which must depend on 
Q2. 

The growth of the gluon density at small x is due to 
gluon radiation, and eq. (13) can be obtained from 

pp 

Figure 4: Ladder diagrams contributing to F2 ( x, Q2) 

dressed ladder graphs (cf. fig. (4)) containing also ver­
tex and self-energy corrections - an approach, pioneered 
by Gribov and Lipatov [5]. Integrating over a kinematic 
domain for intermediate gluons with ordered longitudi­
nal momenta and strongly ordered transverse momenta . ' 
I.e., 

x < Xl < X2 < ... < Xo' , 

Q2 :;5}> kfl :;5}> kf2 :;5}> ... :;5}> kfo , (14) 

one obtains the gluon density in the leading-logarithm 
approximation (LL(Q2)A), which is identical to the re­
sult of the ordinary DGLAP evolution. In the case of 
strong ordering in longitudional and transverse momen­
tum, 

x «:: XI «:: X2 «:: ... «:: xo. , 

Q2 :;5}> kfl :;5}> kf2 :;5}> ... :;5}> kfo , (15) 

one obtains the sum of all "double-logarithms" in Q2 
and 1/x, 

2 '" 1 (12 InQ2/A2 (1))0
xg(x, Q ) '" ~ n!2 b In InQ51A2 In -; . o 

(16) 



. ' 

This result is identical to eq. (13). Hence, the double­
logarithm approximation (DLA) yields the QeD pre­
diction for the gluon density at small x and sufficiently 
large Q2. 

One can also sum the ladder graphs in the case of 
strong ordering in x and no restriction on transverse 
momenta, 

(17) 

This yields the leading-logarithm approximation in l/x 
(LL(I/x)A), which sums all powers (In l/x)n for non­
asymptotic values of Q2. The derivative of the gluon 
density is obtained by the solution of the Balitsky-Fadin­
Kuraev-Lipatov (BFKL) equation [15], 

8 3 /.00 dk,2 
aln l/x f (x, kf) =;a.(M)ki k~ k1 

x [f(X' k'i) - f(x, ki) f(x, ki) ] , (18) 
Ik'i - ki I + (4k'1 + k1)1/2 

where 
2 2 8 . ( 2)f(x,Q ) =Q 8Q2xg x,Q . (19) 

0* 

qx.a~lt-----3)>-­

~~ 
~q

x:k,. E 
I 

Figure 5: Pair production of light quarks in photon 
gluon fusion. 

Here the scale of a" is fixed and the integration starts at 
k3 =O. At small x the solution of the BFKL equation 
reads 

X-A , 

12a, In 2 . (20)
1r 

Choosing a reasonable scale for the fixed a., one obtains 
A 0.5. A comparison of eqs. (13) and (20) shows thatt"V 

the LL(l/x)A predicts an even more singular behaviour 
of the gluon density at small x than the DLA! 

The predicted strong increase of the gluon density 
at small x is very interesting and appears to be in qual­
itative agreement with experimental data. There are, 

however, a number of important theoretical questions 
concerning this equation which remain to be answered. 
Probably the most important problem concerns the size. 
of next-to-Ieading order corrections [16,17]. Other im­
portant issues are the relation to the double-logarithm 
approximation [18] and the dependence on the lower 
and the upper limit of integration [19-21]. 

Phenomenology of F2(x, Q2) at low x 

Askew, Kwiecinski, Martin and Sutton (AKMS) have 
used the BFKL equation to predict F2(X, Q2) at small 
x [22]. Their starting point is the "kJ.-factorization" 
[23] which is used to express the structure function in 
terms of the photon-gluon fusion cross section for quark 
pair production and the "unintegrated" gluon density 
f(x, Q2) [22](cf. fig. (5», 

z;'I ( Q2) -11 
~ /.00 dkiL'2 x, - , k2 

J: x k~ J. 

X U*Y9 (:"ki,Q2) f(x',ki). (21) 

In the case of strong ordering this expression reduces 
to the result of the usual DGLAP evolution. Using 
as boundary condition in the BFKL equation (18) the 
gluon density g(xo = 0.01, Q2) determined from global 
fits, one obtaines a prediction for F2 at values of x be­
low 10-2. The result, which is plotted in fig. (6), shows 
the experimentally observed strong increase at small x. 
However, the prediction is rather sensitive to the in­
frared cut-off k5 in eq. (21). Less sensitive is the slope 
of the x-dependence, A = -alnF2/8Inx, where F2 is 
the difference between F2 and a "background" contri­
bution to F2 , which is non-singular at small x [22]. 

In an alternative approach, Gluck, Reya and Vogt 
(GRV) made a prediction for parton densities at low x 
by using the standard DGLAP evolution down to the 
very small input scale Qij = 0.3 GeV2 [24]. At Q2 > Qg 
and small x one then obtains the result of the double­
logarithm approximation (13). For values of x around 
x = 10-3 and at Q2 = 20 GeV2 one also has an effective 
power behaviour (cf. fig. (7», 

xg(x, Q2) x-A, 

A = ! (48 In In ~ In .!.) 1/2 
2 bo In ~ x 

= 0.47. (22) 

Hence, the AKMS prediction, based on'the BFKL equa­
tion, and the GRV prediction, corresponding to the 
DLA with a non-singular input at a low momentum 
scale, are indistinguishable with present data. In prin­
ciple, the BFKL and the DLA predictions can be dis­
tinguished by the different Q2-dependence of the slope 
A. 
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In both cases the growth of F2 is a consequence of 
gluon radiation. This has to be contrasted with the 
Regge behaviour at small z. The successfull parametri­
zation of the photon-proton total cross section by Don­
nachie and Landshoff [25] is based on the sum of Pome­
ron and Regge pole exchangeS, 

2 

- - "" A 80' ..(0)-1 (23)v,P - L...J n . 

n=l 

2.S 

2 

1.S 

0.5 

, 

• NHC 
• BCOHS 

o ~~~~--~~~~~~~~~~ 
10"4 10-2 

x 

Figure 6: Prediction for the structure function F2(z, Q2) 
at Q2 = 20 Ge V2 based on the BFKL equation. For 
the three upper curves the infrared cut-off is chosen to 
be ka = 1 GeV 2, for the lower continuous curve it is 
ka = 2 Ge V2 • For the dashed curves screening effects 
are included. From [22]. 
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P 2F2 (x.Q ) 
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- - - ­ HO hrodifled 
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0.4 

Figure 7: Prediction for the structure function F2(Z Q2) 
at different values of Q2 based on the DGLAP equ~tion 
and ('valence-like" input. From [24]. . 

The corresponding prediction for the structure function 
at small x contains the same two Regge slopes, 

(24) 

5 

where the phenomenological coefficient functions are 
chosen such that F2 vanishes linearly as Q2 ....... 0, with 
Q2 / z fixed [26]. The corresponding prediction for F2 is 
shown in fig. (8) for Q2 = 10 GeV2

• It differs strongly 
from expectations based on perturbative QCD and ap­
pearsto be disfavoured by present data [13,14]. 

rz.. 

0.6 

.. OA 

0.2 

PO-G 0.0001, 0.001 
x 

Figure 8: PredictioIJ for the structure function F2(z, Q2) 
at Q2 =10 GeV2 based on Regge theory. The curves 
are the total, together with its valence, nonvalence and 
higher-twist components. From [26]. 

Screening Corrections at Low z 

The growth of parton densities at small x predicted 
by perturbative QCD, either in the DLA or on the ba­
sis of the BFKL equation, violates asymptotically uni­
tarity and is therefore unacceptable for z ....... O. One 
expects that the growth is tamed by "screening correc­
tions", i.e., parton recombination processes of the type 
illustrated by the so-called «fan-diagr~m" fig. (9). 

p ===========~=== p 

Figure 9: "Fan-diagram" contribution -to screening cor­
rections. 

Such processes are taken into account by the nonlinear 



Gribov-Levin-Ryskin (GLR) equation [27], 

{) (2 81a;(Q2) ( 2 )2 
{)ln~xgX,Q )=K®f- 16Q2R2 xg(x,Q) , 

(25) 
where K can be either the Altarelli-Parisi or the BFKL 
kerneL Note, that the GLR equation contains a dimen­
sionful parameter, 1/R, which in phenomenological ap­
plications is typically varied between 2 and 5 Ge V. As 
a consequence, the GLR equation mixes contributions 
of all twists, in marked difference to the usual DG LAP 
evolution equation. 

When do screening effects become important? Ac­
cording to a simple estimate [28] this is the case if the 
gluon density per unit of rapidity multiplied with the 
gluon "size" at the particular value of Q2 is of order the 
proton size, 

(26) 

Here the gluon "size" r(Q) ,...., 2/Q and the proton size 
rp ,...., 1 fm. This yields 

(27) 

which is 120 at Q2 = 20 Ge V2 . The set of parton 
densities D'- of Martin et aL [9] predicts a gluon density 
of,...., 20 at Q2 =20 GeV2 and x =5.10-4 • Hence, one 
may not anticipate strong screening effects in the HERA 
kinematic range. 

Although qualitatively intriguing, the GLR equation 
does not provide a complete description of screening ef­
fects. The anomalous dimension of the four-gluon op­
erator, 

(28) 

differs by a small amount 0(62 ) from the prediction 
of the GLR equation [29,30]' where 6~ :::::: 0.00955 [30]. 
The anomalous dimension is not correctly reproduced 
by the G LR equation since interactions between the two 
lower gluon ladders in the fan-diagram fig. (9) are ne­
glected. Although the change in the anomalous dimen­
sion is tiny, the interaction between the gluon ladders 
increases significantly the screening corrections as com­
pared to the GLR equation [31]. 

Final States 

In order to obtain a better understanding of the 
dynamics in the low-x region it will be crucial to in­
vestigate in detail final states in addition to structure 
functions. In principle, the BFKL growth of the gluon 
density at low x can be studied by observing particu­
lar, so-called "hot-spot" jets in the forward direction, 
which are characterized by the kinematic requirements 
ki ,...., Q2 and XB « x [28,32-35](cf. fig. (10». 

The differential cross section for the production of 
"hot-spot" jets shows the BFKL growth at small x B, 

du - 2 (XB)-). (29)dXBdQ2dxdki ,...., f(x, k.d -;- . 

't--~-- x.1e.. 

p x 

Figure 10: ((hot-spot" jet diagram 

Since ki ,...., Q2, the Q2-evolution is separated from the 
x-dependence. This process could provide a clear signal 
for the BFKL growth. It is, however, experimentally 
demanding, and on the theoretical side one has to worry 
about non-perturbative corrections which become large 
for small values of ki [20]. 

Interesting "diffractive" events with large rapidity 
gaps have been reported at this conference by ZEUS 
and HI [13,14]. Such events are not described by stan­
dard deep-inelastic Monte Carlo programs. However, 
they were not unexpected, and several mechanisms have 
been discussed in the literature [36-39]. One possibility 
is the exchange of a pomeron, as suggested by Ingelman 
and Schlein [36] (cf. fig. (11». 

q 

Q 

9 

p ===.:::========== 
Figure 11: Pomeron contribution to diffractive process 
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Diffractive events at large Q2 would then probe the 
structure function of the pomeron. ZEUS has also re­
ported preliminary results on the contribution of these 
events to the structure function F2(x, Q2) for different 
values of Q2 [40]. This Q2-dependence will be crucial 
for the interpretation of the diffractive events~ 

It is, of course, conceivable that also other, more 
unexpected phenomena will be discovered by studying 
final states in detail. An intriguing possibility is the 
instanton-induced, resonance-like production of minijet 
fireballs, as recently discussed by Balitsky and Braun 
[41]. 

Low-x Summary 

The experimental observation of the rise of the struc­
ture function F2(x, Q2) at small x is very interesting. 
The theoretical interpretation, however, is uncertain at 
present. So far, there is no theory which would allow a 
prediction together with an estimate of the error. Qual­
itatively, expectations based on perturbative QeD, ex­
ploiting either the DLA or the BFKL equation, are in 
agreement with data. 

The growth predicted by both, DLA and BFKL, as 
x - 0 cannot be correct since it is in conflict with 
unitarity. One expects, that DLA and BFKL are good 
approximations in certain x-intervals which depend on 
Q2 . (Q2) 2·', l.e., Xmin < X < Xmax(Q). EstImates for 
Xmin range from 10-2 to 10-3 at Q2 = 16 Gey2 (cf. 
[1,15,42]). 

On the experimental side, the study of specific final 
states, such as "hot-spot" jets and rapidity-gap events 
will be crucial to unravel the dynamics at low x. On th~ 
theoretical.side~ the comp~tation of next-to-Ieading or­
der correctIons m In(l/x) IS most important. Of course, 
a theoreti~al.challenge is to understand the Regge limit, 
x - 0, wlthm QeD. Since the BFKL growth appears 
to be ~ pheno~enon which is dominated by the gluon 
d.ynamlcs only: It may also be possible to gain some in­
SIght from lattIce QeD in the quenched approximation. 

Photoproduction 

The dominant part of the ep cross· section is in the 
photoproducti?n region, i.e., Q2 < 10-2 Gey2. High­
energy scattermg between quasi-real photons and pro­
tons is. of int~rest for a number of reasons [43,44], it 
allows III partIcular to study the hadronic structure of 
the photon by means of medium- to high-pol jets in the 
final state (cf. fig. (12)). 

. The physics of jets has been comprehensively re­
vIewed by Catani at this conference ·[45J. Therefore, 

I shall only comment on one aspect where we can hope 
for some qualitative progress at HERA: the determina­
tion of the gluon densities in photon and proton. In 
general, for high-pol processes, photon-proton scatter­
ing is analogous to proton-proton scattering. The cross 

section is 
1C1 I 

p 

E11 

Figure 12: Photoproduction of two high-pol jets 

obtained by an incoherent sum of parton-parton cross 
sections, 

(30) 


where the parton-parton luminosities are determined by 
the structure functions of proton and photon, 

dLao 2r [1 dx r 
dM = M iT -; /ah(x, M,)!hlp(;, Mp) , (31) 

with r = M2 / S . The quark and anti-quark content of 
the photon has already been measured in e+e- annihi­
lation. A direct determination of the gluon content of 
the photon will be possible at HERA [46]. 

Recently, higher order QeD corrections [47] have 
b~en c.alculated f~r the resolved [48] and direct [49] con­
tnbutlons to one-Jet and two-jet inclusive cross sections 
and also to inclusive particle production [50]. The gluon 
~ontent of the photon is expected to be clearly visible 
l~ th~ Pol.-spectrum below tV 9 GeY and also in rapidity 
dIstrIbutIOns. For inclusive hadron production the 

lr-,..--,,--.,---r---;.!:....,...:::...:,..:~~:!L.., 

t:: 
0 

:;J 
0 
CIS s...-t:: 
0 .5.E 
bO 
I 
t:: 
0 

..,.J 
0 
~ 

p.=ll=llt=PT 

Jon'-Bl(1lS) 

CRV (IlS) 


VS =298GeV 
y.,.=-2 

~ 

0 
0 3 6 9 

p,. (GeV) 

Figure 13: Fraction of the charged hadron production 
cross sectIOn due to gluon distribution in the photon. 
From [50]. 
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theoretical prediction for the fraction of the production 
cross section due to Igh f. 0 is shown in fig. (13). Pre­
liminary HI data for the one-jet inclusive cross section 
already indicate the presence of a non-zero gluon com­
ponent of the photon [51]. 

So far the evidence for the gluon density inside the 
proton is mostly indirect. At HERA a direct measure­
ment will be possible in the range 10-3 < x < 10- 1 

using several techniques [52]. One method is based on 
open charm production [53]. The events are tagged by 
means 

L=6 pb-l 

---}ff2 

-ifTl 

400.0 0.001 
E-06 

5 

0.004 0.010 0.040 0.100 

x~ 

Figure 14: Reconstructed gluon densities from D"'± pro­
duction, From [53]. 

of D'"-mesons, and the momentum fraction Xg of the 
gluon is reconstructed using the Jacquet-Blondel meth­
od. The accuracy of the gluon density determination, 
which can be achieved with an integrated luminosity of 
6 pb- 1 , is apparent in fig. (14). Recently, also next­
to-leading order QeD corrections have been calculated 
for the process of open charm production. It turns out 
that the background due to resolved photon processes 
can be suppressed by means of a cut on the invariant 
mass of the produced cc pair [54]. . 

D-mesons 

The total production cross section for bb and cc pairs 
is rather large. An integrated luminosity of 100 pb- 1 

will lead to '" 106 bb and", 108 cc pairs, which yield 
,....., 107 DO-mesons. 

Using such a sample of charmed mesons one can 
significantly improve present limits on rare decays. One 
interesting example are leptonic decays (cf. [55]) 

DO -+ p.+ p-, e+e- , p±e=F , (32) 

In the standard model the two, electron- and muon­
number conserving processes are induced at one loop 

due to the mixing of quark flavours. The correspond­
ing branching ratios are very small, of order 10-19 , and 
therefore unobservable for the forseeable future. How­
ever, in many extensions of the standard model branch­
ing ratios into two leptons are sizeable. Leptoquark ex­
change, for instance, can lead to branching ratios up 
to the present experimental upper bounds. In table (1) 
the current limits are compared with the limits obtain­
able at HERA. An improvement by about two orders 
of magnitude appears feasible [55]. 

Electroweak Processes 

The two main electroweak processes are inelastic 
neutral current (NC) and charged current (CC) scat­
tering. Of interest are also the production of charged 
and neutral intermediate vector bosons, and radiative 
charged current scattering, All these p'rocesses test cer­
tain aspects of the'electroweak theory. From LEP we 
know that the standard model Higgs boson is heavier 
than about 60 GeV. The production cross section for 
Higgs bosons in this mass range in ep scattering is too 
small to be of relevance at HERA [56]. 

The inelastic scattering of left-handed and right­
handed electrons off protons (cf. fig.(l» is described 
by the differential cross section 

d2(jNC 

-dd (eLRP) = x y . 

2;~2 [2(1 _ y)F;,R(x, Q2) + 2xy2 Ff.R(x, Q2) 
X Y s 

+(1 - (1 - y)2)xFf·R(x, Q2)] . (33) 

Since the weak interactions violate parity, a third struc­
ture function F3 appears together with F1 and F2 • 

In addition to the QCD scaling violations, the struc­
ture functions have a Q2-dependence due to electroweak 
formfactors, 

Ff·R = LX (q(x, Q2) + q(x, Q2» 

x (I V/·R(Q2) 12 + 1A~·R(Q2) 12) 

e e 

current limits 3· 10-5 1· 10-5 4 . 10-5 

HERA 1 .10- 7 5· 10-7 3.10-7 

Table 1: Branching ratios of DO into two leptons. From 
[55]. 
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observed. This yields particularly large corrections atF;.R = ± L.: x (q(X, Q2) - q(X, Q2)) small values of x and Q2. However I for electroweak pre­
q cision tests the region Q2 > 103 GeV2 ~s important, and 

X V/,R( Q2)A~,R(Q2) . (34) here the bremsstrahlung contribution is rather small. 

The electroweak form factors VqL.R(Q2) and A~·R(Q2) 
depend on the electric charges (Qe, Qq) and the vector 
(Ve, vq ) and axial-vector (ae ,aq ) couplings of electron 
and quarks to the Z-boson: 

Q2
LVq .

R(Q2) = QeQq + (ve ± ae)vqQ2 + mi ,(35) 

Q2 
A~,R(Q2) = -(ve ± ae)aqQ2 + mi . (36) 

These form factors arise from the interference between 
photon and Z-boson exchange. 

In the standard model of electroweak interactions 
vector and axial-vector couplings of electron and quarks 
can be expressed in terms ofelectric charge, weak isospin 
(T3) and the weak angle Ow, or, equivalently, in terms 
of the Fermi constant Gp., the Z-boson mass mz and 
the fine-structure constant ex (I =e, q): 

= . 1 
sm 20w 

(Tl - 2QJ sinOw2) , (37) 

= 
1 J 

. 20 T3sm w , (38) 

where 
2 

sin2 Ow = 1- mw , (39) 

1 
sin20w = 

mz

(Vi 2)"2! 2Gp.mz 
2 'Ira 

(40) 

The relation between the weak angle and the vector 
boson masses holds at tree-leveL If radiative corrections 
are included this is one possible definition of the weak 
angle. 

In addition to neutral current processes charged cur­
rent reactions are of importance at HERA. The order 
of magnitude of the total charged current cross section 
is (T~f ~ G}s/4'Ir ~ 100 pb at the HERA c.m.s energy, 
yielding ~ 104 charged current events for an integrated 
luminosity of 100 pb- I . 

Precision Tests 

Higher order electroweak corrections to neutral cur­
rent scattering involve electromagnetic bremsstrahlung 
and electroweak virtual corrections. A complete eval­
uation of the one-loop corrections has been performed 
independently by two groups [57]. The bremsstrahlung 
contribution has to be integrated over the region of 
phase space where the additional photon cannot be 

In order to discuss next-to-Ieading order electroweak 
corrections one has to specify first of all a renormaliza­ 0 

tion scheme. Convenient and transparent with respect 
to its physical meaning is the on-shell scheme where 
the electromagnetic fine-structure constant ex and the 
masses of W-boson (mw), Z-boson (mz), Higgs-boson 
(mH) and top-quark (mt) appear as "indep~ndent pa­
rameters. The Fermi constant, as measured m p-decay, 
is then a dependent quantity, 

Gp. = Gp.(ex,mw,mz,mH,mt) . (41) 

Since the Fermi constant is known to high precision 
it is often convenient to use instead a modified on-shell 
scheme where Gp. r~places mw as independent variable. 

The sum of the Born-amplitude and the one-loop 
corrections can be expressed as sum ofa dressed photon­
exchange amplitude and a dressed Z-boson exchange 
amplitude. The structure of the dressed amplitudes 
[58] is similar to the Born amplitudes, the main dif­
ference is the appearance of a variety of form factors. 
From eqs. (35)-( 40) it is clear that the strength of the 
Z-exchange amplitudes is proportional to Gp.mi. The 
one-loop corrections lead to a formfactor [58] 

(42) 

where 

(43) 

Here 

(44) 

is a universal part and D..eq is an additional non-universal 
correction. Similarly, the mixing angle which appears 
in the vector coupling vJ (cf. (37» now becomes a form 
factor which depends on the quark species [58] 

(45) 

where 

S;q(X,Q2) = sin20w(1+cot20wD..p"+D..q(x,Q2». 
(46) 

6 q is again a non-universal contribution. In addition to 
the formfactors which affect normalization and Z - i ­
mixing there are also some non-factorizable terms [58]. 
The magnitude of the one-loop corrections to the Born 
amplitudes is of order 1%. 

What can we learn from precision measurements at 
HERA for the theory of electroweak "interactions? A 
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particularly useful quantity is the ratio 

(47) 

integrated over some optimized range in x and Q2. Ac­
cording to the analysis of Brisson et al. [59] a mea­
surement of R_ with 1 % accuracy appears ultimately 
feasible at HERA. For each Higgs mass this measure­
ment defines a thin band in the mw-mt-plane. For two 
Higgs masses these bands are shown in fig. (15). Also 
shown are the corresponding lines which result from the 
Gp constraint. There is a difference in curvature due to 
the propagator effect. Clearly, the measurement of R_ 
is effectively a determination of the Fermi "constant" 

80.8 

II" 
(GcV] . 

tn6 

80.4 

80.2 

80.0 

79.8 

100 ISO 200 
m, (GeVj 

Figure 15: 1u-contours obtained from a measurement of 
R_ for two values of the Higgs mass. The two lines are 
the corresponding constraints from the muon lifetime. 
From [59]. 

at large values of Q2, whereas muon ~ecay yields a de­
termination at Q2 =O. Both measurements restrict the 
W-boson mass with comparable accuracy. For instance, 
let us assume that the top-quark mass is known with 
an error of 10 GeV and that the central value is 130 
GeV (a result with such a precision may eventually be 
obtained by the Tevatron experiments). One then reads 
off from fig. (15) that the R_ measurement restricts the 
W-mass with an error of 

8mw = ± 160 MeV (48) 

It is a non-trivial test of the electroweak theory that the 
Fermi "constants" at small and large values of Q2 yield 
consistent values of mw. A further crucial test of the 
standard model, and a restriction on physics beyond 
the standard model, is the consistency between the W­

boson masses determined from the propagator and from 
W-pair production at LEPII. 

Production of Vector Bosons 

In inelastic electron-proton collisions photons, W- ~ 
bosons and Z-bosons can be produced. There are two 
types of processes, 

e- p -+ e- ('Y,Z, W:l:)X 

e- p -+ v('Y, Z, W-) X (49) 

In recent years detailed calculations for vector boson 
production in ep-collisions have been carried out [60]. 
For the total production cross section one finds [60] 

Particularly interesting are the clean diffractive pro­
cesses e- p -+ vW.!.p, e- p -+ e- Zp, 'whose cross sec­
tions are about 1/3 of the corresponding inelastic cross 
sections [60]. 

The production of vector bosons at HERA can be 
used to test the standard model predictions for the cou­
plings of W-bosons to photons. In extensions of the 
standard model "anomalous" couplings can occur. The 
corresponding parameters K and A are related to the 
magnetic dipole moment and the electric quadrupole 
moment of the W-boson. The limits on anomalous 
gauge couplings obtainable at HERA appear to be weak­
er than the bounds which can be expected from the 
Tevatron and LEPII within the next few years [61]. 

Contact Interactions 

Low energy effects of new interactions can be sys­
tematically studied by means of non-renormalizable, ef­
fective lagrangians. For neutral current processes the 
most general lagrangian reads [62,63], 

("eN _ CeN + CeN (51)4.. contact - V s' 

where the chirality conserving part reads 

c;JY = L [77tL(eL'Yp eL)(QL'YPqL) 
q=u,d 

+77tR(eL ,peL)(ifR,PqR ) 

+77kL (eR'YpeR)(ifL ,PqL) 

+77kR(eR'YpeR)(ifR,PqR)] (52) 

and the chirality changing part is 

c~ 	 77d(eLeR)(dRdL) + 7]u(e:LeR)(uLUR) 

+i]u (eL UR)( ULeR) . (53) 
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Here we have assumed an underlying SU(2)LxU(1)y, 
thus only three of the possible six chirality flip terms 
appear. Furthermore, among the chirality conserving 
contact terms one has the relation TJ'flL = T]~L' 

Contact interactions can be generated by the ex­
change of heavy intermediate particles. Examples are 
leptoquarks and heavy neutral Z'-vector bosons. Dif­
ferent exchange particles lead to different sets of non­
vanishing TJ-coefficients. Therefore it is important to 
disentangle the various different contact terms in order 
to identify the underlying physics. 

Adding contact interactions to the standard model 
lagrangian, an observed deviation from the standard 
model prediction for the neutral current cross section 
can be related to a size of any single TJ-coefficient which 
is assumed to be non-zero, Recently, a detailed com­
bined analysis for all 8 TJ-parameters of the chirality 
conserving contact terms has been performed [64]. The 
sensitivity depends on the integrated luminosity and on 
the polarization of the incident electron or positron. In 
the general analysis one considers all 28 projections in 
the 8-dimensional TJ-space. 

The study of contact interactions is not very rel­
evant for weakly coupled new particles. In this case 
the obtained mass bounds are solow that the particle 
under consideration can usually be directly produced. 
Interesting mass bounds are obtained for strongly cou­
pled particles. Here one can probe mass scales up to 
(T]=:47f"/A2 ) 

A ~ 7TeV , (54) 

which may be further improved if charged current con­
tact terms, related by SU(2)L-invariance, are taken into 
account [65J. Note, however, that electron-quark con­
tact interactions are already strongly constrained from 
low energy precision experiments, in particular from 
atomic parity violation [66]. 

New Particles 

The structure of the standard model of strong and 
electroweak interactions poses to a number of questions 
which lead us beyond the standard model. Do elemen­
tary scalar particles exist? Is lepton number an exact or 
an approximate symmetry? Are the mass scales of elec­
~roweak symmetry breaking and supersymmetry break­
mg the same? All these questions motivate the search 
for new elementary particles. 

Supersymmetry 

~et us first discuss the prospects for producing super­
particles at HERA. The super-particle mass spectrum 

is largely arbitrary. However, several calculations have 
recently been performed where the unification of the 
gauge couplings, the idea of radiative electroweak sym­
metry breaking and some constraints concerning fine­
tuning of parameters have been implemented [67]. In 
a large class of models the m~es of photino (i'), zino 
(z), winos (tV), scalar leptons (I), scalar quarks (q) and ­
gluino (g) satisfy the inequalities 

ffl..y, mi, mtii < mi < mq < mg , (55) 

where the electroweak gaugino masses are of order 100 
Ge V, the masses of scalar leptons are of order 200 Ge V, 
and scalar quark masses vary from 350 GeV to 600 GeV. 

eL.R=r---- eL.R 
y,z~h e---<~ 

q ----q y
LR LR 

(a) ( b) 

Figure 16: (a) Pair production of scalar electrons and 

scalar quarks; (b) scalar electron decay. 


At HERA the most obvious production process for 

super-particles is [68] (cf. fig. (16» . 


ep -+ eqX. (56) 

The total cross section falls below 0.05 pb for me + 

mq > 200 GeV [69]. Hence, in view of the present 

mass bounds for scalar leptons and scalar quarks from 

LEP and the Tevatron, this process will very likely not 

be of relevance at HERA. 

e 

+ 

p 

Figure 17: Production ofscalar electron and photino 

For light photinos a very interesti~g process is [70] 

(cf. fig. (17» 


ep -+ e:yX. (57) 

It is a Co~pton-type process with a bremsstrahlung 
photo~ radIated bY,the proton. This process is of higher 
order m the couphng than the previous one, but for 
mi = 20 Ge V and me == 60 Ge V the cross section is 
still about 0.05 pb [69J. This process could be seen at 
HERA, extending somewhat the reach "for supersymme­
try at LEPI. 

A few years ago, Drees and Zeppenfeld [71] pointed 
out that the cross section for elastic production of scalar 
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electrons and photinos is as large as the inelastic cross 
section, i.e., u(ep -+ ei'p) ~ u(ep -+ ei'X). The 
elastic process is interesting, especially since it leads to 
a very clean final state. The total cross section [72J for 
the inelastic, the elastic and the quasi-elastic processes 
are shown in fig. (18). Note, thatin future high-energy 
ep colliders one may also be able to search for super­
symmetry by using Compton back-scattered laser light. 
For an electron-proton c.m.s energy of 1 TeV the cross 
section for the production of wino pairs exceeds 1 fb for 
mw < 190 GeV [73]. 

10-:" 

::0 .e­
c: 10-« 
o 
+= o 
G> 

f/) 


~ 10-3 

o 

L­
V 

10-4 

):( .; c.30GeV 

+ .; '" 50GeV 

50 60 70 80 90 100 

m; (GeV) 

Figure 18: Total cross section for ep -+ ei'X. From [72]. 

Leptoquarks 

The theoretical framework for leptoquarks with Yukawa 
couplings to quark-lepton pairs are extended gauge the­
ories. It is remarkable that such scalar particles with 
masses of order 100 GeV can be consistent with all con­
straints from rare processes, which have recently been 
discussed in great detail [74,75]. However, one should 
be aware of the fact that for most leptoquarks some 
fine tuning of couplings is required and that the most 
general couplings to quark-lepton pairs are usually not 
compatible with constraints from low energy data. In 
composite models and technicolour theories leptoquarks 
appear as pseudo-Goldstone bosons, which have deriva­
tive couplings to fermions pairs. 

Leptoquarks with dimensionless couplings to fermion 
pairs must have spin 0 or spin 1. If, by conv~ntion, they 
all carry lepton number +1, their baryon number can 
be +1 or _1. The couplings of all possible .leptoquarks 
to q:ark-Ie;ton pairs have been classified in [76]. A 
particularly well studied example is the SU(5)-type lep­
toquark So whose coupling to SU(2)-doublets is given 
by 

(58) 

The couplings of scalar leptoquarks are of Yukawa type, 
and therefore their size may be similar to the size of 
Higgs boson couplings. In ordinary grand unified theo­
ries leptoquark masses are of order 1010 GeV or larger. 
However, in theories where Yukawa couplings violate 
the unified symmet'ry, leptoquarks may have masses of 
order mw. In this case baryon- and lepton-number are 
conserved in the low-energy effective theory. 

At HERA leptoquarks can be produced as s-channel 
resonances in the electron-quark subprocess shown in 
fig. (19). 

:~-----LQ 

Figure 19: Leptoquark production in electron-quark an­
nihilation ' 

Since their width is small they appear as narrow res­
onances in the x-distributions of neutral and charged 
current cross sections. For a leptoquark mass mLQ "" 

200 GeV and a coupling QLQ == AI/41r =Q em the pro­
duction cross is O"LQ ,...., 102 pb. Because of this rather 
large cross section HERA is well suited to search for 
leptoquarks. For QLQ "" Qem, leptoquarks can be dis­
covered up to the kinematic limit, i.e., mLQ "" 300 
GeV, and for the small coupling QLQ "" 10-3 Q em one 
can still find leptoquarks up to mLQ "" 200 GeV. Dis­
covery limits for allieptoquarks have been determined 
by means of detailed Monte Carlo studies [77]. 

First bounds on leptoquark masses have been re­
ported at this conference by the collaborations HI and 
ZEUS based on an integrated luminosity of 25 nb- l . 

For left-handed couplings and QLQ = Q em both col­
laborations find lower bounds on leptoquark masses of 
about 170 GeV [13,14]. 

In supersymmetric models with broken R-parity sin­
gle production of super-particles is possible. In these 
models scalar quarks can have direct couplings to elec­
tron-quark pairs. Hence, they can be produced in ep 
scattering like leptoquarks and similar bounds on their 
masses can be expected from HERA experiments [78]. 

Heavy Neutrinos 

In extended gauge theories lepton number corresponds 
to a spontaneously broken local symmetry. A priori 
the scale of this symmetry breaking can be anywhere 
between the Fermi scale of weak interactions and the 

1016grand unification scale AGUT "" GeV. A large 
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scale of B-L breaking implies very small neutrino masses, 
which may be in the range needed to explain the solar 
neutrino deficit by means of the MSW-mechanism. In 
this case we expect no neutral heavy leptons and also no 
new vector bosons, such as a Z', at energies accessible 
with accelerators. 

Alternatively, some theories predict a low scale of 
B-L breaking, AB-L = 0(1 TeV). In this case, the ordi­
nary neutrinos are expected to have masses close to the 
present experimental upper limits. Furthermore, addi­
tional vector bosons (WRand/or Z') and new heavy 
neutrinos with masses in the range from a few tens of 
GeV to a few hundred GeV are predicted. Low energy 
processes and LEP data require the W R-boson to be 
heavier than 450 GeV [79]. The lower bound increases 
to 520 Ge V, if the lightest right-handed neutrino has 
a mass below 15 GeV [80]. This leaves an interesting 
range of VR and W R masses which can be probed for 
the first time at HERA. In left-right symmetric models 
with spontaneous parity breaking W R-bosons have to 
be heavier than 1 - 3 TeV [81]. This mass range lies 
beyond the sensitivity of HERA. 

Heavy neutrinos are the simplest example of new 
heavy leptons and quarks which can be produced via 
mixing in charged and neutral current processes in ep 
scattering (cf. fig. (20». In the literature new heavy 
fermions have been discussed in connection with E6 uni­
fied theories, a fourth generation and mirror families 
[82]. 

N 

p 

Figure 20: Production and decay of heavy Majorana 
neutrinos via W R exchange. 

The production of heavy neutrinos can proceed in 
several ways, depending on the model. A striking sig­
nature is the possible change of lepton number by two 
units due to the Majorana nature of the heavy neutri­
nos (cf. fig. (20». In left-right symmetric models the 
dominant process is WR exchange, whereas. in Z' mod­
els the mass mixing between light and heavy neutrinos 
leads to production in ordinary charged current reac­
tions. Constraints from low energy experiments on ele­
ments of the mixing matrix ~ij typically yield I ~ 1< 0.1 
[83)- For an integrated luminosity of 200 pb- 1 , a rough 
estimate of the discovery limits for heavy neutrinos and 
W R-boson in left-right symmetric models yields a max­
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imal neutrino mass of 120 GeV and a maximal vector 
boson mass of about 700 GeV. In Z' models, for a max­
imal mixing parameter I ~ 1= 0.1, the discovery limit 
for heavy neutrinos is 160 GeV. Detailed Monte Carlo 
studies, including background processes, have been car­
ried out by several groups [84]. 

A comprehensive study ofother heavy leptons which 
could be produced at HERA has been performed in 
[85]. For charged heavy leptons, which couple to elec­
trons via mixing in the neutral current, the production 
cross section is slightly smaller than for heavy neutrinos. 
In composite models heavy states can couple to ordi­
nary leptons and vector bosons via non-renormalizable 
derivative couplings. For a compositeness scale of 1 TeV 
one is sensitive to excited electrons and neutrinos with 
masses up to about 200 GeV and 150 GeV, respectively. 

A low scale ofB-L breaking, AB-L ::= 0(1 TeV), pre­
dicts new particles, heavy vector bosons and new heavy 
leptons, which could be produced at present and future 
colliders. However, from a cosmological point of view 
this possibility appears to be disfavoured. The need 
to explain the cosmological baryon asymmetry imposes 
stringent constraints on the masses of the new states. 
They have to be much heavier than the W-boson unless 
the baryon asymmetry can be generated at the elec­
troweak phase transition [86]. 

Summary 

In the past deep-inelastic lepton-nucleon scattering 
has played a crucial role in testing QCD. In recent years 
detailed next-to-Ieading order analyses have been car­
ried out for fixed target experiments, and the strong 
coupling constant has been determined with an accu­
racy of about 5%. 

At higher energies lepton-nucleon scattering will con­
tinue to probe QCD. At HERA the region of small x 
below "" 10-3 and large Q2 ~ 10 GeV2 can be ex­
plored for the first time. This will improve our un­
derstanding of the interface between perturbative and 
non-perturbative QCD. The observed increase of the 
structure function F2 suggests that the ideas of pertur­
bative QCD are still applicable in this kinematic do­
main, although unequivocal theoretical predictions are 
still lacking. Another important topic will be the mea­
surement of the gluon densities in proton and photon 
over a wide range in x. 

HERA is also a charm factory. An integrated lumi­
nosity of 100 pb- 1 will yield,..... 108 cc pairs. This will 
lead to a considerable improvement of present limits on 
rare D-meson decays, in the case of leptonic decays by 
two orders of magnitude. 



With respect to electroweak processes the measure­
ment of the strength of the charged current at Q2 ~ 104 

GeV2 appears to be most interesting. Within the stan­
dard model, after the discovery of the top-quark, one 
expects to reach an accuracy for the W-boson mass of 
6mw =±160 MeV. This is comparable to the present 
constraint obtained from the Fermi constant at Q2 = O. 

A model independent window to new physics are 
contact interactions. For chirality conserving and chi­
rality changing neutral current contact terms HERA 
experiments can probe mass scales up to A '" 7 TeV. 

In the search for supersymmetry HERA can some­
what extend the reach of LEPI with respect to scalar 
electrons and photinos. Furthermore, models with bro­
ken R-parity can be tested. In this case single pro­
duction of scalar quarks is possible. This is similar to 
leptoquark production for which HERA is an ideal col­
lider. Even for the small coupling au,J '" 10-3a em , for 
instance, leptoquarks with masses up to mLQ '" 200 
GeV could be discovered. Also interesting is the single 
production of charged and neutral heavy leptons where, 
depending on the model, masses up to '" 150 Ge V can 
be reached. 
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