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Abstra
t. In these le
tures I introdu
e the basi
s of HERA physi
s and give a

survey of the major aspe
ts, dis
ussing in somewhat more depth the subje
t of low

x physi
s.

1 Introdu
tion

The study of deep inelasti
 lepton-proton s
attering has produ
ed some of

the major underpinnings of the Standard Model. For example, the quark-

parton model took shape in the light of the deep inelasti
 s
attering (DIS)

experiments [1℄ begun at SLAC in the late 1960s. Going even further ba
k,

the s
attering of energeti
 \simple" � parti
les from the nu
lei in a thin gold

foil, 
arried out by Geiger and Marsden in Man
hester in 1909, led to the


on
ept of the nu
lear atom [2,3℄ and is 
learly analogous to deep inelasti


lepton s
attering in modern parti
le physi
s.

In my le
tures I �rst gave an overview before 
overing one parti
ular

area in more detail. In the interests of produ
ing a more 
oherent write-

up, I have 
hanged the original order. I �rst outline the HERA a

elerator

and dete
tors before dis
ussing the theoreti
al te
hniques used to derive the

basi
 formulae used in the study of ele
tron-quark s
attering. Then I give

an overview of the main areas of HERA physi
s, going into somewhat more

detail in one parti
ular area, that of ele
tron-proton s
attering when the

intera
ting quark has a low fra
tion of the original protons momentum, so-


alled \low-x" physi
s, and related areas su
h as di�ra
tion. Here, re
ent

theoreti
al developments and model building are 
hanging our per
eption

and improving our understanding of the very ri
h phenomenology arising

from the many di�erent but related 
hannels that 
an be explored at HERA.

I 
on
lude with a dis
ussion of the re
ent upgrades to both the a

elerator

and experiments in the HERA II programme and the main areas of physi
s

that they will address.

2 Introdu
tion to the HERA ma
hine and experiments

HERA is a unique fa
ility, 
olliding beams of ele
trons or positrons with

protons at high energy. The protons are a

elerated and stored in a ring
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of super
ondu
ting magnets; until 1998 the protons were a

elerated to 820

GeV and subsequently to 920 GeV. The ele
tron or positron ring is normal


ondu
ting and beams are stored at 27.5 GeV. HERA began operation in 1992

and 
ontinuously improved its performan
e in su

essive years, as illustrated

in Fig. 1, whi
h shows the luminosity delivered to the ZEUS experiment in

ea
h year of running. Be
ause of diÆ
ulties with the ele
tron lifetime, the

great majority of data has been taken with positron beams; only 32 pb

�1

of

ele
tron data has been 
olle
ted by ZEUS 
ompared to a total of 148 pb

�1

of positron data.
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Fig. 1. The luminosity delivered to the ZEUS dete
tor as a fun
tion of days of

the run, shown separately for ea
h year of running. A 
ontinuous improvement in

the performan
e of HERA is evident, ex
ept for 1998, in whi
h ele
trons were used

rather than positrons.

There are two \general-purpose" dete
tors at HERA, H1 and ZEUS. In

addition the HERMES experiment uses a gas target to examine polarised

ele
tron or positron-polarised proton s
attering, and the HERA-B dete
tor,

designed to study CP violation in the B se
tor. The latter two are not dis-


ussed further in these le
tures due to la
k of time. Both H1 and ZEUS have

a rather similar 
on�guration, as far as possible en
losing the full solid an-

gle with tra
king dete
tors surrounded by 
alorimetry. Be
ause of the large

asymmetry between the proton and positron beam energies, the energy 
ow

is predominantly in the proton, or \forward" dire
tion, so that the dete
tors
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are asymmetri
, with thi
ker 
alorimetery and a higher density of tra
king

dete
tors in the forward dire
tion. Figure 2 shows a diagram of the ZEUS de-

te
tor, illustrating that its general stru
ture, with the ex
eption of the more


omplex forward instrumentation, is very typi
al of modern 4� dete
tors,

su
h as those at LEP and the Tevatron.

Fig. 2. A verti
al se
tion through the ZEUS dete
tor. The bla
k 
ylinders in the

very 
entre represent the sili
on mi
rovertex dete
tor, whi
h was installed in 2000.

Surrounding this are the tra
king dete
tors (CTD, FDET and RTD) and surround-

ing these are the uranium/s
intillator 
alorimeters (FCAL, RCAL and BCAL).

These are surrounded by an iron-s
intillator ba
king 
alorimeter (BAC) whi
h also

a
ts as a 
ux return for the super
ondu
ting solenoid whi
h surrounds the CTD.

Muon 
hambers (FMUON, with asso
iated toroidal magnets, BMUO and RMUO),

a Veto Wall to veto o�-momentum protons and a 
on
rete shield 
omplete the

dete
tor.

With the advent of HERA, the a

essible phase spa
e in the kinemati
 in-

variants Q

2

(the virtuality of the ex
hanged virtual photon) and x in
reased

by approximately three orders of magnitude in ea
h variable 
ompared to

what was available at earlier �xed-target experiments (see Fig. 3). This ex-

tension in kinemati
 range has opened up qualitatively new �elds of study,

both at high and low Q

2

.

Sin
e HERA is a high-energy lepton-hadron 
ollider, it 
learly gives a

ess

to hard pro
esses in both the strong and ele
troweak intera
tions. HERA

is very sensitive to the produ
tion of new parti
les that 
an be formed by

the fusion of leptons and quarks, e.g. leptoquarks or many of the parti
les

predi
ted by R-parity-violating supersymmetry. It is also very sensitive to

any small 
hanges in the pattern of the ele
troweak intera
tion predi
ted by

the Standard Model. Sin
e the 
olliding leptons are point-like, HERA allows


omplete 
ontrol over the 
onditions of the 
ollision by varying the Q

2

, and

thereby the size, of the probe. At high Q

2

, HERA is a probe of the 
omplex
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Fig. 3. The kinemati
 plane in x and Q

2

for experiments probing the parton dis-

tribution of the proton. The regions explored by ea
h experiment are shown in a

variety of shadings as shown in the legend. Hadron-hadron 
ollisions are also able

to measure the proton stru
ture, predominantly at high x and high Q

2

.

stru
ture of the proton via the point-like 
oupling of the photon. At low Q

2

,

the photon be
omes large and evolves its own 
omplex stru
ture whi
h 
an

be probed using the point-like intera
tions between its parton 
onstituents

and those of the proton. The hadroni
 nature of the photon under these


onditions gives rise to hadron-hadron intera
tions with large 
ross se
tions;

by also analysing di�ra
tive intera
tions, in whi
h the proton 
an be violently

stru
k but remain inta
t, the ri
h stru
ture and phenomenology of the strong

intera
tions 
an be explored.

One thing that HERA physi
s 
annot do is be simple. Unlike the situation

in ele
tron-positron annihilation, energy and quantum numbers are trans-

ferred between the 
olliding parti
les, ea
h of whi
h has its own 
onserved

quantum numbers of lepton and baryon number. This means that the single

annihilation energy ne
essary to des
ribe most of ele
tron-positron or high-

energy hadron-hadron 
ollisions is insuÆ
ient; two invariants are required.

These 
an be pi
ked from several di�erent possibilities, the most 
ommon

of whi
h are x and Q

2

. Others in
lude W

2

, the square of the energy of the

hadroni
 �nal state, s, the squared 
entre-of-mass energy of the ele
tron-

proton system, or y, the inelasti
ity, whi
h in the rest frame of the proton

is the energy transferred from the ele
tron to the proton. Only two of these

variables are independent; their de�nitions are given in Eq. 1 in terms of the
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initial- and �nal-state four-ve
tors of the ele
tron, k and k

0

respe
tively, and

the same quantities, p and p

0

, for the proton.

s = (p+ k)

2

Q

2

= �q

2

= �(k

0

� k)

2

y =

p � q

p � k

(1)

W

2

= (p

0

)

2

= (p+ q)

2

Energy-momentum 
onservation implies that

x =

Q

2

2p � q

(2)

so that, ignoring the masses of the lepton and proton:

y =

Q

2

sx

(3)

W

2

= Q

2

1� x

x

(4)

Another thing that one 
annot expe
t from HERA is to dis
over the Higgs.

HERA physi
s is dominated by the 
ollisions of the lightest quarks with the

lightest leptons, so that it is the worst pla
e to look for new parti
les whose


ouplings are proportional to mass. Neither 
an HERA produ
e new parti
les

with mass 
lose to the 
entre-of-mass energy unless they have the quantum

numbers of leptoquarks; a large proportion of the energy must be 
arried o�

by the �nal-state lepton and baryon in the t 
hannel and is not available for

the produ
tion of new parti
les.

Finally, it 
annot be expe
ted that HERA physi
s will be simple. Many

of the simplest problems in QCD have already been studied in detail. The

remaining ones, su
h as the problem of 
on�nement, are of the highest im-

portan
e but extremely diÆ
ult to study in pra
ti
e, sin
e they manifest

themselves in regimes in whi
h the strong intera
tion is really strong.

3 The formalism of Deep Inelasti
 S
attering

It is instru
tive to remind oneself that the basi
 formalism of DIS 
an be

relatively easily derived

1

from the QED treatment of spin-

1

2

{ spin-

1

2

s
atter-

ing. It is 
onvenient to work in a frame in whi
h the intera
tion of the virtual

photon with the 
onstituents in the proton 
an be 
onsidered as in
oherent,

1

In my le
turers I spent 
onsiderable time in deriving many of the standard DIS

equations from �rst prin
iples. My approa
h was based on the use of the Man-

delstam variables and follows 
losely the treatment in Chapters 6 { 10 of Halzen

and Martin [4℄. Only an outline of the main points is reprodu
ed here.
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i.e. the 
hara
teristi
 time of the 


�

q intera
tions is mu
h shorter than any

intera
tions between the partons. A suitable frame is the in�nite-momentum

frame of the proton, whi
h at HERA 
an be approximated by the lab. or


entre-of-mass frame. In su
h a frame, Lorentz 
ontra
tion redu
es the pro-

ton to a \pan
ake" and time dilation in
reases the lifetimes of the 
u
tuating

partons so that the proton 
onstituents are e�e
tively \frozen". Provided that

the quarks have negligible e�e
tive mass, i.e. have small rest mass and are

asymptoti
ally free, and that Q

2

� k

2

T

, then the intera
tions 
an be 
onsid-

ered in
oherent [5℄.

The basi
 pro
ess of an ele
tron s
attering in
oherently from a quark

is now identi
al to the 
lassi
 QED 
al
ulation of ele
tron-muon s
attering.

Writing the initial and �nal four-momenta of the ele
tron as k; k

0

and those

of the proton as p; p

0

, the standard Feyman rules allow us to write the matrix

element as

M = �e

2

u(k

0

)


�

u(k)

1

q

2

u(p

0

)


�

u(p) (5)

Using standard tra
e te
hniques and ignoring mass terms leads to

jMj

2

=

8e

4

(k � k

0

)

4

[(k

0

� p

0

)(k � p) + [(k

0

� p)(k � p

0

)℄ (6)

It is very 
onvenient to use the Mandelstam variables, s; t and u, sin
e not

only 
an they easily be evaluated in any frame, but also there are several

useful relations between them and the more usual DIS variables of Eq. 1 that

simplify the algebra. The Mandelstam variables are de�ned in terms of the

four-ve
tors as:

s � (k + p)

2

' 2k � p ' 2k

0

� p

0

; (7)

t � (k � k

0

)

2

' �2k � k

0

' �2p � p

0

; (8)

u � (k � p

0

)

2

' �2k � p

0

' �2k

0

� p; (9)

so that Eq. 6 simpli�es to be
ome

jMj

2

=

2e

4

t

2

(s

2

+ u

2

) (10)

Note that 
rossing, the repla
ement of s by t and vi
e-versa, leads to the

well-known formula for e

+

e

�

! �

+

�

�

.

The matrix element 
an be 
onverted to a 
ross se
tion by using the

standard formula for 2 ! 2 s
attering,

d�

d

^

t

=

1

16�ŝ

2

jMj

2

; (11)

to give

d�

d

^

t

=

e

4

8�ŝ

2

^

t

2

(ŝ

2

+ û

2

); (12)



Le
tures on HERA physi
s 7

where the hatted variables represent the Mandelstam variables for the sub-

pro
ess in question, whi
h for e� � s
attering are identi
al to the unhatted

variables, but whi
h for eq s
attering are not. Considering now eq s
attering,

the Mandelstam variables satisfy

ŝ+

^

t+ û = 0; (13)

whi
h, assuming that the quark brings a fra
tion x of the protons energy into

the eq 
ollision 
an be written as

x(s+ u) + t = 0: (14)

Equation 12 
an be 
onverted into a double-di�erential 
ross se
tion using

the appropriate Æ fun
tion to give

d

2

�

d

^

tdû

=

e

4

8�ŝ

2

^

t

2

(ŝ

2

+ û

2

)Æ(ŝ+

^

t+ û); (15)

whi
h, using the appropriate Ja
obian, 
an be written in terms of s; t and u

as

d

2

�

dtdu

=

2��

2

xe

2

q

s

2

t

2

(s

2

+ u

2

)Æ(t+ x(s+ u)); (16)

where � is the �ne-stru
ture 
onstant, � = e

2

=4� and e

q

is the 
harge of the

stru
k quark in units of the ele
tron 
harge. We 
an then write the total ep


ross se
tion as the in
oherent sum of all possible eq s
atters, i.e.

�

d

2

�

dtdu

�

ep!eX

=

X

i

Z

f

i

(x)

�

d

2

�

dtdu

�

eq

i

!eq

i

dx; (17)

where f

i

(x) is the density distribution inside the proton of quark i between

x and x+ dx.

We 
an also treat the overall in
lusive DIS pro
ess ep ! eX from �rst

prin
iples using the Feynman rules provided that we take 
ognizan
e of the

fa
t that the proton is not a point-like parti
le. To do that, we parameterise

the proton vertex 
ontribution to the matrix element in the most general way

possible in terms of a hadroni
 tensor, W

��

, given by

W

��

=

�

�g

��

+

q

�

q

�

q

2

�

F

1

(x;Q

2

)+

p̂

�

p̂

�

p � q

F

2

(x;Q

2

)� i"

����

q

�

q

�

2p � q

F

3

(x;Q

2

)

(18)

where

p̂

�

= p

�

�

p � q

q

2

q

�

; (19)

and F

1

; F

2

and F

3

are \stru
ture fun
tions" des
ribing, in the most general

way 
ompatible with relativisti
 invarian
e, the unknown stru
ture of the

proton. The antisymmetri
 " tensor shows that the F

3

stru
ture fun
tion is



8 B. Foster

parity violating; we will ignore it for the moment, restri
ting the dis
ussion

to low-Q

2

neutral 
urrent events where the e�e
ts of W and Z ex
hange 
an

be negle
ted. Contra
ting W

��

with the leptoni
 tensor used to obtain Eq. 6

leads to

d

2

�

dtdu

=

4��

2

s

2

t

2

(s+ u)

�

(s+ u)

2

xF

1

(x;Q

2

)� suF

2

(x;Q

2

)

�

; (20)

whi
h 
an now be 
ompared with Eq. 17. Substituting Eq. 16 and evaluating

the integral using the Æ fun
tion leads to

�

d

2

�

dtdu

�

ep!eX

=

X

i

f

i

(x)

2�x�

2

e

q

2

i

s

2

t

2

(s

2

+ u

2

)

s+ u

: (21)

Comparison with the right-hand side of Eq. 20 shows that, sin
e s and u

are 
ontinuous variables, the two equations 
an only be 
onsistent if the


oeÆ
ients of the s

2

+ u

2

and su terms are equal, i.e.

2xF

1

(x;Q

2

) =

X

i

f

i

(x)xe

2

q

i

= F

2

(x;Q

2

): (22)

This relation between F

1

and F

2

is known as the Callan-Gross [6℄ relation.

Equation 22 also implies that F

2

is a fun
tion of x only, a phenomenon known

as \s
aling". This was 
learly observed in the original SLAC experiments, as

shown in Fig. 4 and is also 
learly visible in the HERA data shown in Fig. 5

at similar values of x. However, when one looks at other values of x, it is


lear that s
aling be
omes progressively more and more violated.

The phenomenon of s
aling violation is one of the 
learest manifestations

of Quantum Chromodynami
s and is 
aused by gluon radiation from the

stru
k quark. This radiation is a

ompanied by a transfer of energy to the

emitted gluon, whi
h leads to a shift of the average quark x to lower values.

The emitted gluon 
an also split into further quark-antiquark pairs whi
h

are also at low x. Thus, sin
e the gluon bremsstrahlung depends on Q

2

, the


ross se
tion develops a strong Q

2

and x dependen
e. This 
an 
onveniently

be taken into a

ount by re-writing Eq. 20 as a fun
tion of x and Q

2

using

the Ja
obian, (s+ u)=x, as

d

2

�

dxdQ

2

=

2��

2

xQ

4

"

2

(s+ u)

s

2

xF

1

(x;Q

2

)� 2

u

s

F

2

(x;Q

2

)

#

=

2��

2

xQ

4

�

2xy

2

F

1

+ 2(1� y)F

2

�

; (23)

where we have used the identity

y �

p � q

p � k

=

s+ u

s

: (24)
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Fig. 4. The �W

2

(� F

2

) stru
ture fun
tion at ! = 1=x = 4 as a fun
tion of Q

2

as measured by the SLAC-MIT group [7℄. Data taken at four di�erent s
attering

angles are shown. All data is 
onsistent with being independent of Q

2

.

Rearranging and introdu
ing the longitudinal stru
ture fun
tion F

L

= F

2

�

2xF

1

gives

d

2

�

dxdQ

2

=

2��

2

xQ

4

�

�y

2

F

L

+ f1 + (1� y)

2

gF

2

�

: (25)

The longitudinal stru
ture fun
tion is zero in the quark-parton model sin
e

the quarks have zero transverse momentum. Gluon bremsstrahlung however

develops a non-zero p

t

, leading to non-zero values of F

L

.

Consolidating, we 
an re-introdu
e the parity-violating xF

3

term and

write down the most general spin-averaged form for the 
ross-se
tion as

d

2

�

dxdQ

2

=

2��

2

xQ

4

(1 + Æ)

�

Y

+

� F

2

(x;Q

2

)

� y

2

F

L

(x;Q

2

)� Y

�

� xF

3

(x;Q

2

)

�

; (26)

where the � before xF

3

is taken as positive for ele
tron s
attering and neg-

ative for positron s
attering, Y

�

are kinemati
 fa
tors given by

Y

�

= 1� (1� y)

2

; (27)

and Æ is the QED radiative 
orre
tion.
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Fig. 5. The F

2

stru
ture fun
tion as measured by the H1 and ZEUS experiments

for bins at high x as a fun
tion of Q

2

. The bins 
entred around x = 0:25 are where

s
aling was originally observed in the SLAC experiments. Clear s
aling violation is

observed in the HERA data outside this region, parti
ularly at lower x.

The F

2

stru
ture fun
tion 
an be expressed, in the \DIS s
heme" of renor-

malization [8℄ in a parti
ularly simple way as

F

2

(x;Q

2

) =

X

i=u;d;s;
;b

A

i

(Q

2

)

�

xq

i

(x;Q

2

) + xq

i

(x;Q

2

):

�

(28)

The parton distributions q

i

(x;Q

2

) and q

i

(x;Q

2

) refer to quarks and anti-

quarks of type i. For Q

2

�M

2

Z

, where M

Z

is the mass of the Z

0

boson, the

quantities A

i

(Q

2

) are given by the square of the ele
tri
 
harge of quark or

antiquark i. Similarly,

xF

3

(x;Q

2

) =

X

i=u;d;s;
;b

B

i

(Q

2

)

�

xq

i

(x;Q

2

)� xq

i

(x;Q

2

):

�

(29)
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The full forms for the A and B terms are:

A

i

(Q

2

) = e

2

i

� 2e

i




e

V




i

V

P

Z

+ (


e

V

2

+ 


e

A

2

)(


i

V

2

+ 


i

A

2

)P

Z

2

; (30)

B

i

(Q

2

) = �2e

i




e

A




i

A

P

Z

+ 4


e

V




i

V




e

A




i

A

P

Z

2

; (31)

where

P

Z

=

Q

2

Q

2

+M

2

Z

(32)




i

V

= T

i

3

� 2e

i

sin

2

�

W

(33)




i

A

= T

i

3

(34)

T

i

3

= +

1

2

for i = �; u; 
; t (35)

= �

1

2

for i = e; d; s; b (36)

4 The HERA DIS data

4.1 The F

2

stru
ture fun
tion at medium and high Q

2

The determination of the stru
ture fun
tions of the proton is a deli
ate and

painstaking pro
ess requiring an ex
ellent understanding of the H1 and ZEUS

dete
tor response. This understanding has progressed to the extent that the

a

ura
y of the HERA data [9{11℄ is equal to that of the �xed-target exper-

iments in the kinemati
 range explored by them. Of 
ourse, the HERA data

also extends into a mu
h larger region of x and Q

2

and mat
hes well onto the

�xed-target data in the region of overlap. This has already been exhibited in

Fig. 5 for the higher x bins, and is further illustrated in Fig. 6 for the lower

x bins, where the large s
aling violations are even more obvious. The rapid

rise of the stru
ture fun
tion at low x 
an be 
learly seen in Fig. 7, whi
h

shows F

2

in three Q

2

bins as a fun
tion of x.

4.2 Next-to-leading-order QCD �ts

The pre
ise measurement of the proton stru
ture at low x at HERA is very

sensitive both to the details of the evolution in QCD of the density of gluons

and to the value of the strong 
oupling 
onstant, �

s

, whi
h determines the

probability of gluon emission. This sensitivity has been exploited by both

ZEUS and H1. Ea
h experiment has made a global QCD �t to its own data

plus some or all of the �xed-target DIS data. There is reasonably good agree-

ment in general terms between the experiments, although ea
h experiment

has a rather di�erent �t pro
edure as well as a di�erent 
hoi
e of the �xed-

target data. The quality of the �ts in both experiments is ex
ellent, as demon-

strated by the 
urves shown in Figs. 5 - 7. The results for the density of the

gluon are shown in Fig. 8.
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(prel. 2001)
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Fig. 6. The F

2

stru
ture fun
tion as measured by the H1 and ZEUS experiments

for bins at low x as a fun
tion of Q

2

.

I now use the ZEUS NLOQCD �t to illustrate some points of interest.

Figure 9 illustrates the evolution of the gluon density and that of the sea as

a fun
tion of Q

2

. While at medium Q

2

the sea density lies below that of the

gluon and follows its shape, at low Q

2

it is higher than the gluon. This makes

the normal interpretation, that the sea is driven by gluon splitting, rather

diÆ
ult to maintain.

Figure 10 shows that F

L

also begins to behave strangely at low Q

2

, be-


oming very 
at and at the lowest values of Q

2

be
oming negative, although

the size of the un
ertainties still allow it in prin
iple to remain positive. The

gluon density, whi
h is dire
tly related to F

L

in QCD, 
ertainly be
omes neg-

ative, whi
h is somewhat diÆ
ult to interpret in QCD. However, it is not an

observable, whereas F

L

is, so that the tenden
y for F

L

to be
ome negative

at low Q

2

implies a break-down in the QCD paradigm. We will return to this

dis
ussion in Se
tion 5.3. The quality of the HERA data is now so high that

it alone 
an give 
onstraints on the parton densities s
ar
ely less good than
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Fig. 7. H1 and ZEUS data on the F

2

stru
ture fun
tion shown in three bins of

Q

2

as a fun
tion of x. The steep rise of the stru
ture fun
tion at low x is 
learly

apparent.

the �ts that in
lude also �xed-target and other data. However, it is ne
essary

to make

some simplifying assumptions, parti
ularly for the high-x valen
e be-

haviour, in su
h �ts. The results are illustrated in Fig. 11, whi
h shows the

gluon density arising from su
h a �t, with its asso
iated un
ertainty band,

in 
omparison with the result from the standard �t; the general behaviour is

similar, with a somewhat larger un
ertainty, parti
ularly at low Q

2

.

4.3 The determination of �

s

at HERA

Another output of the NLOQCD �t is a value of �

s

; the results from the

two experiments are shown in Fig. 12, labelled as \NLO-QCD �t". The value

obtained by ZEUS is

�

s

(M

2

Z

) = 0:1166� 0:008� 0:0032� 0:0018;

where the un
ertainties derive from statisti
al and other un
orrelated exper-

imental un
ertainties, 
orrelated experimental un
ertainties, normalisation

un
ertainties and the error related to omissions and simpli�
ations in the
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Fig. 8. The gluon density in the proton as measured by ZEUS (red shaded band)

and H1 [10℄ (yellow and blue shaded bands) as a fun
tion of x in three bins of Q

2

.

The fun
tional form used by the two 
ollaborations in the gluon �t is somewhat

di�erent and is shown in the legend.

NLOQCD model. The value H1 obtain from their �t to their and the BCDMS

data is

�

s

(M

2

Z

) = 0:1150� 0:0017

+0:0009

�0:0005

� 0:005;

where the �rst error sour
e takes a

ount of all experimental un
ertainties,

the se
ond takes a

ount of the 
onstru
tion of the NLOQCD model and the

�nal un
ertainty results from the variation in the fa
torisation and renormal-

isation s
ale. The values of �

s

obtained by the two experiments are in good

agreement.

Also shown in Fig. 12 are a variety of other high-pre
ision measurements

of �

s

that 
an be made at HERA using a variety of te
hniques. These in-


lude 
lassi
 methods su
h as the rate of dijet + proton-remnant produ
tion


ompared to that of single jet plus remnant, the subjet-multipli
ity evolu-

tion inside jets and the shape of jets. Many of these give ex
ellent pre
ision,


omparable to the world average [12,13℄. The dominant un
ertainty is usually

theoreti
al and arises from the la
k of predi
tions at next-to-next-to-leading

order.
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Fig. 9. The gluon density in the proton 
ompared to that of the quark-antiquark

sea in bins of Q

2

as a fun
tion of x.

4.4 The 
harm-quark stru
ture fun
tion, F




2

In addition to the fully in
lusive stru
ture fun
tions dis
ussed above, both

ZEUS and H1 
an identify that fra
tion of F

2

that arises from 
harm pro-

du
tion, F




2

. This is a
hieved by looking for the de
ay mode D

�

! D�, in

whi
h, be
ause the mass di�eren
e between the D

�

and D is only just larger

than the pion mass, the daughter pion has a very small momentum. The mass

di�eren
e between the D

�


andidate and the D 
andidate 
an therefore be

measured very a

urately, allowing suÆ
ient suppression of the 
ombinato-

rial ba
kground that the 
harm signal 
an be 
leanly identi�ed. The stru
ture

fun
tion 
an then be unfolded from the measured di�erential 
ross se
tion

using models to 
orre
t for the unmeasured parts of the phase spa
e. The

measurements of the semi-in
lusive 
harm stru
ture fun
tion, F




2

, made by

both experiments [14,15℄ using this te
hnique are shown in Fig. 13.
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Fig. 10. The F

L

stru
ture fun
tion as predi
ted by the ZEUS NLOQCD �t as a

fun
tion of x in bins of Q

2

.

The data is still of rather limited statisti
al pre
ision. Sin
e the 
harm

quark is produ
ed predominantly via boson-gluon fusion, F




2

is driven by the

gluon density and thus rises steeply as x falls.

4.5 The F

L

stru
ture fun
tion

Sin
e in prin
iple both F

2

and F

L

are unknown fun
tions that depend on

x and Q

2

, the only way in whi
h they 
an be separately determined is to

measure the di�erential 
ross se
tion at �xed x;Q

2

and at di�erent values of

y, sin
e as shown in Eq. 26, the e�e
t of F

L

is weighted by y

2

whereas F

2

is

weighted by 1 + (1 � y)

2

. However, sin
e Q

2

= sxy, �xed x and Q

2

implies

taking measurements at di�erent values of s. This 
an 
ertainly in prin
iple be

a

omplished by redu
ing the beam energies in HERA. However, the pra
ti
al

diÆ
ulties for the experiments and the a

elerator inherent in redu
ing either

the proton or ele
tron beam energy, or both, by a fa
tor suÆ
ient to permit
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Figure 16: The gluon distribution from the NLOQCD �t to ZEUS data alone

23

Fig. 11. The gluon density as a fun
tion of x in Q

2

bins from an NLOQCD �t

using only ZEUS data.

an a

urate measurement of F

L

mean that it has not to date been attempted.

An alternative way to a
hieve the same end is to isolate those events in whi
h

the in
oming lepton radiates a hard photon in advan
e of the deep inelasti


s
attering, thereby redu
ing the e�e
tive 
ollision energy. Unfortunately, the

a

eptan
e of the luminosity taggers typi
ally used to dete
t su
h photons is

suÆ
iently small and understanding the a

eptan
e suÆ
iently diÆ
ult that

no result has been obtained as yet.

In the absen
e of any dire
t determination, the H1 
ollaboration has used

events at very large values of y to make an indire
t measurement of F

L

. The

determinations of F

2

rely on the fa
t that most of the measurements are

made at values of y suÆ
iently small that the e�e
ts of F

L

are negligible;

at higher y, a QCD estimate of F

L

, whi
h is normally a small fra
tion of

F

2

, is subtra
ted. The H1 
ollaboration inverts this pro
edure by isolating

kinemati
 regions in whi
h the 
ontribution of F

L

is maximised and then

subtra
ts o� an estimate of F

2

extrapolated from lower y.
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HERA       αs Measurements

Fig. 12. Values of the strong 
oupling 
onstant as determined at HERA. Ea
h dif-

ferent measurement is displa
ed verti
ally for ease of visibility; ea
h value arises

from a di�erent method as brie
y indi
ated in the legend. The referen
e for pub-

lished results is shown below the method label. The world average as 
al
ulated by

the Parti
le Data Group[12℄ and by Bethke [13℄ are shown at the bottom of the

�gure.

The method used by H1 employs the derivatives of the redu
ed 
ross

se
tion with respe
t to ln y. The redu
ed 
ross se
tion 
an be expressed as

xQ

4

2��

2

Y

+

� (1 + Æ)

d

2

�

dxdQ

2

= �

r

= F

2

(x;Q

2

)�

y

2

Y

+

F

L

(x;Q

2

); (37)

whi
h, when di�erentiated leads to

��

r

� ln y

=

�F

2

� ln y

�

2y

2

(2� y)

Y

2

+

F

L

�

y

2

Y

+

�

�F

L

� ln y

(38)

whi
h gives improved sensitivity to F

L

via the stronger y dependen
e at the


ost of involving derivatives of �

r

; F

2

and F

L

, the quantity to be measured.

It is instru
tive to 
onsider various restri
tions:
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Fig. 13. Values of the 
harm stru
ture fun
tion, F




2

from the H1 and ZEUS ex-

periments in bins of Q

2

as a fun
tion of lnx. The blue squares show the ZEUS

using the D

�

! K��

s

de
ay mode, whereas the purple triangles show a ZEUS

determination using the semileptoni
 de
ay of the D. The shaded 
urves show the

predi
tions from the NLO QCD �t to the in
lusive F

2

data by H1.

� Small y - here ��

r

=� ln y � �F

2

=� ln y. For low x, F

2


an be well approx-

imated by:

F

2

/ x

��

/ y

�

(39)

so that:

�F

2

� ln y

= �y

�

(40)

whi
h 
an be expanded as:

�F

2

� ln y

/ �e

� ln y

� �(1 + � ln y : : :) (41)

provided � ln y is small. From this it is 
lear that ��

r

=� ln y is linear in

ln y;
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� F

L

= 0 - for all y, ��

r

=� ln y is linear in ln y for the same reason as above;

� F

L

6= 0 and large y - ��

r

=� ln y is non-linear in ln y and the deviations

are proportional to F

L

and its logarithmi
 derivative;

∂
∂
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Figure 8: Measurement of the derivative(��
r

=� ln y)

Q

2 . The curves represent the QCD fit re-
sult to the H1 96/97 data fory < 0:35 andQ2

� 3:5 GeV2 calculated with different assumptions
onF

L

. The inner error bars represent the statistical errors and the total error bars the statistical
and systematical errors, added in quadrature.

14

Fig. 14. The logarithmi
 derivative

��

r

� lny

as a fun
tion of y in Q

2

bins. The 
urves

represent the results of the H1 NLO QCD �t with di�ering assumptions about F

L

as shown in the legend.

These features 
an be seen in the preliminary H1 data of Fig. 14. At the

largest values of y, the deviation from linearity implies that F

L

is non-zero.

Although it is in prin
iple possible to solve the di�erential equation for F

L

implied by Eq. 38, in pra
ti
e the data are insuÆ
iently pre
ise and the QCD

expe
tation is that the derivative of F

L

is negligible. The un
ertainty in this

assumption is in
luded in the systemati
 error.

The results are shown in Fig. 15, together with earlier determinations

from SLAC [16℄, NMC [17℄ and BCDMS [18,19℄. The 
urve is the result of

an NLO QCD �t to the H1 data deriving from the F

2

determination, i.e. by

deriving the gluon and quark distributions from s
aling violations and then
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Figure 10: The longitudinal structure functionF
L

(x;Q

2

) as obtained by H1 and by charged
lepton-nucleon fixed target experiments. The inner error bars represent the statistical errors and
the total error bars the statistical and systematical errors, added in quadrature. The error bands
are due to the experimental (inner) and model (outer) uncertainty of the calculation ofF

L

using
the NLO QCD fit to the H1 96/97 data fory < 0:35 andQ2

� 3:5 GeV2.

16

Fig. 15. Preliminary H1 estimate of F

L

. The F

L

values obtained are plotted in Q

2

bins as a fun
tion of x. Also shown are earlier bins at higher x from the SLAC and

NMC experiments. The 
urves with error bands are the predi
tions of the H1 NLO

QCD �t.


al
ulating F

L

using QCD. The QCD predi
tion is in good agreement with

the H1 estimate.

5 Deep inelasti
 s
attering at low x

Until now we have 
on
entrated on hard pro
esses, in whi
hQ

2

has been large

and where QCD has shown itself to be appli
able. However, the data, in par-

ti
ular the ZEUS \BPT" data [20℄, give a

ess to very low Q

2

and x regimes,

in whi
h the strong intera
tion be
omes very strong and perturbative QCD

would be expe
ted to break down. This kinemati
 region has traditionally

been understood in terms of Regge theory. The study of how and where the

transition between these two regimes o

urs is very interesting, not only in-

trinsi
ally but also be
ause of the insight it gives us into links between the
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apparently rather di�erent pro
esses of di�ra
tion and deep inelasti
 s
atter-

ing. In addition, the a

ess given to very low values of x at these small Q

2

in prin
iple gives sensitivity to the me
hanism of QCD evolution. Given the

steep rise in the parton densities as x falls, the data at the lowest x values

may also be sensitive to high-density e�e
ts, su
h as parton re
ombination,

sometimes known as saturation.

5.1 QCD evolution

We assume that the parton distribution fun
tions, f , satisfy the s
hemati


equation:

�f

� ln�

2

�

�

s

(�

2

)

2�

� (f 
P) (42)

where � represents the renormalisation s
ale and P is a `splitting fun
-

tion' that des
ribes the probability of a given parton splitting into two oth-

ers. This equation is known as the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi

(DGLAP) Equation [21{24℄. There are four distin
t Altarelli-Parisi (AP)

splitting fun
tions representing the 4 possible 1! 2 splittings and referred to

as P

qq

; P

gq

; P

qg

and P

gg

. The 
al
ulation of the splitting fun
tions in pertur-

bative QCD in Eq. 42 requires approximations, both in order of terms whi
h


an be taken into a

ount as well as the most important kinemati
 variables.

The generi
 form for the splitting fun
tions 
an be shown to be [25℄:

xP(x; �

s

) =

1

X

n=0

�

�

s

2�

�

n

"

n

X

m=0

A

(n)

m

�

ln

�

1

x

��

m

+ xP

(n)

(x)

#

(43)

where P

(n)

(x) are the x-�nite parts of the AP splitting fun
tions and A

(n)

m

are

numeri
al 
oeÆ
ients whi
h 
an in prin
iple be 
al
ulated for ea
h splitting

fun
tion. In the axial gauge, leading lnQ

2

terms arise from evolution along

the parton 
hain that is strongly ordered in transverse momentum, i.e.

Q

2

� k

2

t;n

� k

2

t;n�1

� : : :

Leading-order DGLAP evolution sums up (�

s

lnQ

2

)

n

terms, while NLO sums

up �

s

(�

s

lnQ

2

)

n�1

terms, whi
h arise when two adja
ent transverse momenta

be
ome 
omparable, losing a fa
tor of lnQ

2

.

In some kinemati
 regions, and in parti
ular at low x, it must be
ome

essential to sum leading terms in ln 1=x independent of the value of lnQ

2

.

This is done by the Balitsky-Fadin-Kuraev-Lipatov [26{29℄ (BFKL) equation,

whi
h governs the evolution in x at �xed Q

2

. The leading-order terms in

(�

s

ln 1=x)

n

arise from strong ordering in x, i.e.

x� x

n

� x

n�1

� : : :

One of the most important goals of HERA physi
s is the sear
h for experi-

mental e�e
ts that 
an be unambiguously attributed to BFKL evolution.
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Generally, however, QCD 
oheren
e implies angular ordering. To see the

impli
ations of this it is more 
onvenient to work with unintegrated par-

ton density fun
tions, f(x; k

2

t

; �

2

), where � is the s
ale of the probe. There

are now two hard s
ales, k

t

and 
ompli
ated QCD evolution, known as the

Ciafaloni, Catani, Fiorani and Mar
hesini [30{32℄ (CCFM) evolution equa-

tion. The DGLAP and BFKL equations 
an then be seen to be two limits

of angular ordering. In the DGLAP 
ollinear approximation, the bran
hing

angle, �, where � � k

t

=k

l

, grows sin
e k

t

grows; while for BFKL evolution, �

grows be
ause k

l

/ x falls.

Figure 16 shows the ln 1=x - lnQ

2

plane at HERA, together with s
hemati


indi
ations of the dire
tions in whi
h GLAP, BFKL and CCFM evolution is

expe
ted to be most appli
able. Also indi
ated on the �gure are s
hemati


high density region
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Fig. 16. S
hemati
 diagram showing di�erent regions of the ln 1=x and lnQ

2

plane

and the evolution equations expe
ted to hold therein. The line marked `saturation'

represents the boundary between GLAP evolution and evolution governed by the

GLR equation. The `size' of partons is also indi
ated in di�ering kinemati
 regions.

indi
ations of both the `size' and density of partons in the proton in di�erent

kinemati
 regions.

The transverse size of the partons that 
an be resolved by a probe with

virtuality Q

2

is proportional to 1=Q, so that the area of the partoni
 `dots'

in Fig. 16 falls as Q

2

rises. For parti
ular 
ombinations of parton size and

density, the proton will eventually be
ome `bla
k' to probes, or, equivalently,
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the 
omponent gluons will be
ome so dense that they will begin to re
om-

bine. The dotted line labelled `Criti
al line - GLR' refers to the boundary

beyond whi
h it is expe
ted that su
h parton saturation e�e
ts will be
ome

important, i.e. the region in whi
h partons be
ome so densely 
rowded that

intera
tions between them redu
e the growth in parton density predi
ted by

the linear GLAP and BFKL evolution equations. The parton evolution in this

region 
an be des
ribed by the Gribov-Levin-Riskin [33,34℄ equation, whi
h

expli
itly takes into a

ount an absorptive term in the gluon evolution equa-

tion. Naively, it 
an be assumed [35℄ that the gluons inside the proton ea
h

o

upies on average a transverse area of �Q

�2

, so that the total transverse

area o

upied by gluons is proportional to the number density multiplied by

this area, i.e. �Q

�2

xg(x;Q

2

). Sin
e the gluon density in
reases qui
kly as x

falls, and the gluon `size' in
reases as Q

�1

, in the region in whi
h both x

and Q

2

are small, saturation e�e
ts ought to be
ome important. This should

o

ur when the size o

upied by the partons be
omes similar to the size of

the proton:

xg(x;Q

2

)

�

Q

2

= �R

2

(44)

where R is the radius of the proton, (� 1 fm � 5 GeV

�1

). The measured val-

ues of xg(x;Q

2

) imply that saturation ought to be observable at HERA [36℄

at low x and Q

2

, although the values of Q

2

whi
h satisfy Eq. 44 are suÆ-


iently small that possible non-perturbative and higher-twist e�e
ts 
ertainly


ompli
ate the situation. Of 
ourse,

it is also possible that the assumption of homogenous gluon density is

in
orre
t; for example, the gluon density may be larger in the 
lose vi
inity

of the valen
e quarks, giving rise to so-
alled `hot spots' [37℄, whi
h 
ould

lead to saturation being observable at smaller distan
es and thereby larger

Q

2

.

5.2 Interpretation and Models

The region of low Q

2

and low x is one in whi
h perturbative QCD meets and


ompetes with a large variety

of other approa
hes, some based on QCD, others either on older paradigms

su
h as Regge theory or essentially ad-ho
 phenomenologi
al models. In a

previous arti
le [38℄ I gave a quite detailed review of these models, and given

that there have not been major developments here, I refer the reader to that

for further information.

5.3 QCD �ts

The extension of the kinemati
 range and the high-pre
ision data on F

2

from

HERA provided a substantial impetus to the determination of parton distri-

bution fun
tions via global �ts to a wide variety of data. The major 
urrent
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approa
hes are due to the CTEQ group [39℄ and Martin et al. (MRST) [40℄.

In general both groups �t to data from �xed target muon and neutrino deep

inelasti
 s
attering data, the HERA DIS data from HERMES, H1 and ZEUS,

theW -asymmetry data from the Tevatron as well as to sele
ted pro
ess vary-

ing from group to group su
h as prompt photon data from Fermilab as well

as high-E

T

jet produ
tion at the Tevatron. The di�erent data sets give dif-

ferent sensitivity to the proton distributions, depending on the kinemati


range, but together 
onstrain them a
ross almost the whole kinemati
 plane,

with the possible ex
eption of the very largest values of x, where signi�
ant

un
ertainties still remain [41℄.

The approa
hes of CTEQ and MRST are basi
ally similar, although they

di�er both in the data sets used as well as in the �tting pro
edure and the

te
hni
al details of the theoreti
al tools used, e.g. the treatment of heavy

quarks in DIS. In their latest �ts, CTEQ prefer to omit the prompt photon

data be
ause of the un
ertainties in s
ale dependen
e and the appropriate

value for the intrinsi
 k

T

required to �t the data. Instead they use single-

jet in
lusive E

T

distributions to 
onstrain the gluon distribution at large x.

In 
ontrast, until their most re
ent publi
ations, MRST retained the prompt

photon data, giving alternative PDFs depending on the value for the prompt-

photon intrinsi
 k

T

used. Both groups parameterise the parton distributions

in terms of powers of x and (1�x) leading to �ts with many free parameters.

The MRST NLO parameterisation of the gluon is shown below as an example:

xg = A

g

x

��

g

(1� x)

�

g

(1 + �

g

p

x+ 


g

x) (45)

where A

g

; �

g

; �

g

; �

g

and 


g

are free parameters in the �t.

The seminal work of Botje in produ
ing PDFs with asso
iated error ma-

tri
es for the �rst time [42℄ has led to similar �ts being produ
ed by other

groups. CTEQ [43℄ have produ
ed a global �t with asso
iated errors, while

both H1 [44℄ and ZEUS [45℄ have produ
ed their own �ts using DIS data

only, as dis
ussed in Se
tion 4.2.

These �ts allow one to see very graphi
ally the salient features of the QCD

evolution that have been dis
ussed above. For example, the ZEUS NLOQCD

�t shown in Fig. 9 has already been dis
ussed in Se
tion 4.2. Here we saw

that the strange behaviour both of the gluon vs. sea densities, as well as F

L

,

as a fun
tion of Q

2

showed that the normal QCD interpretation may well be

breaking down at Q

2

around 1 GeV

2

.

One possible reason for the problems with the interpretation of the NLO

QCD �ts 
ould be the need for higher-order QCD �ts i.e. next-to-next-to-

leading-order (NNLO) �ts. The �rst steps in implementing su
h �ts have

already begun; some moments of the NNLO splitting fun
tions have been


al
ulated [46℄. Using this with other available information, van Neerven and

Vogt [47,48℄ have produ
ed analyti
al expressions for the splitting fun
tions

whi
h represent the slowest and fastest evolution 
onsistent with the 
urrently
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Fig. 17. The MRST `
entral' NNLO �t to DIS data. The solid line shows the NNLO

�t, while the NLO �t is shown by the dashed line and the LO �t by the dotted line.

The data are from H1, ZEUS and the �xed target experiments and are plotted in

x bins as a fun
tion of Q

2

with an additive 
onstant added to the data of ea
h x

bin to improve visibility.

available information. The MRST group has re
ently used this information

to investigate NNLO �ts to the available data [49℄. Su
h an analysis requires

some 
hanges to the parameterisations used, so that for example the NLO

parameterisation of the gluon of Eq. 45 be
omes:

xg(x;Q

2

0

) = A

g

x

��

g

(1� x)

�

g

(1+ "

g

p

x+ 


g

x) � A

0

g

x

��

0

g

(1�x)

�

0

g

; (46)

primarily in order to fa
ilitate a negative gluon density at low x and low Q

2

,

whi
h, as we have seen, is preferred by the �ts, even at NLO. The results of the

`
entral' �t, between the extremes of the van Neerven-Vogt parameterisation,

is shown in Fig. 17.

There are also 
hanges of the LO and NLO �ts with respe
t to earlier

publi
ations, in as mu
h as MRST now follow CTEQ in using the Tevatron

high-E

T

data rather than the prompt-photon data, and HERA F

2

data has

been in
luded in the �t. There is a marked improvement in the quality of
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the �t in the progression LO! NLO ! NNLO, in parti
ular in terms of the

NMC data. The size of higher-twist 
ontributions at low x also de
reases, so

that at NNLO is it essentially negligible. The e�e
t of going to NNLO on the

PDFs themselves is highly non-trivial. This is illustrated in Fig. 18, where the

quite major 
hanges in F

L

, parti
ularly at low x, are evident. There is also a

large variation depending on the 
hoi
es made in the parameter spa
e allowed

by the partial NNLO ansatz. Indeed, the GLAP approa
h is not 
onvergent

for Q

2

< 5 GeV

2

, whi
h may well be due to the negle
t of important ln 1=x


ontributions. However, the instability seen at low Q

2

soon vanishes at higher

Q

2

.
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Fig. 18. The F

L

stru
ture fun
tion from the MRST �ts, taking into a

ount part

of the NNLO 
orre
tions in four bins of Q

2

as a fun
tion of x. The solid line shows

the 'average' of the parameter spa
e available to 
hoose the NNLO parameters,

while the dashed-dotted lines show the two extreme possibilities. The NLO �t is

indi
ated by the dashed line while the LO �t is indi
ated by the dotted line.

Thorne has investigated the question of in
orporating ln 1=x terms in the

splitting fun
tions by in
orporating the solution of the NLO BFKL kernel

using a running 
oupling 
onstant [50,51℄. The in
lusion of the BFKL terms
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does indeed give an improved �t 
ompared to the `
entral' NNLO �t, par-

ti
ularly at the lowest Q

2

and x. This may be one of the �rst unambiguous

indi
ations of the importan
e of BFKL evolution.

5.4 Data in the transition region

The approximate position of the transition between data that 
an be de-

s
ribed by pertrubative QCD evolution and that whi
h require the Regge

approa
h 
an be seen in Fig. 19.
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Fig. 19. ZEUS BPT data on F

2

in bins of y as a fun
tion of Q

2

. Also shown are

earlier ZEUS data as well as data from H1. The solid line shows the results of the

ZEUS Regge �t to the form of Eq. 47, while the dotted line shows the result of the

ZEUS NLO QCD �t.

For Q

2

>

�

1 GeV

2

, the data are roughly independent of Q

2

, whereas at

lower Q

2

they fall rapidly, approa
hing the Q

�2

dependen
e that would be

expe
ted in the limit Q

2

! 0 from 
onservation of the ele
tromagneti
 
ur-

rent. Although QCD gives a good �t to the data down to Q

2

� 1 GeV

2

,
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below that it is ne
essary to use a Regge-based �t of the form

F

2

(x;Q

2

) =

�

Q

2

4�

2

�

��

M

2

0

M

2

0

+Q

2

�

 

A

IR

�

Q

2

x

�

�

IR

�1

+A

IP

�

Q

2

x

�

�

IP

�1

!

;

(47)

where A

IR

; A

IP

and M

0

are 
onstants and �

IR

and �

IP

are the Reggeon and

Pomeron inter
epts, respe
tively. Regge theory is expe
ted to apply at asymp-

toti
 energies. The appropriate energy here isW , the 
entre-of-mass energy of

the virtual photon-proton system, given by Eq. 4. Sin
e, at low x,W

2

� 1=x,

it would be expe
ted that Regge �ts would be appli
able at very low x and

Q

2

.

The 
omplete ZEUS data over six orders of magnitude in x and Q

2

are

shown in x bins as a fun
tion of lnQ

2

in Fig. 20, together with �xed tar-

get data from NMC and E665, whi
h extends the range in the dire
tion of

medium x and Q

2

.

The availability of this very wide range of pre
ise data makes possible

qualitatively new investigations of models that des
ribe F

2

. Sin
e the log-

arithmi
 derivative of F

2

is dire
tly proportional to the gluon density in

leading-order QCD, whi
h in turn is the dominant parton density at small x,

its behaviour as a fun
tion of both x and Q

2

is important. The solid 
urves

on the �gure 
orrespond to �ts to a polynomial in lnQ

2

of the form

F

2

= A(x) +B(x)

�

log

10

Q

2

�

+ C(x)

�

log

10

Q

2

�

2

; (48)

whi
h gives a good �t to the data through the entire kinemati
 range. The

dotted lines on Fig. 20 are lines of 
onstant W . The 
urious `bulging' shape

of these 
ontours in the small-x region immediately implies that something

interesting is going on there. Indeed, simple inspe
tion of Fig. 20 shows that

the slope of F

2

at 
onstant W begins 
at in the s
aling region, in
reases

markedly as the gluon grows and drives the evolution of F

2

and then 
attens

o� again at the lowest x.

Figure 21 shows the logarithmi
 derivative evaluated at (x;Q

2

) points

along the 
ontours of �xed W shown on Fig. 20 a

ording to the derivative

of Eq. 48, viz.:

�F

2

� log

10

Q

2

= B(x) + 2C(x) log

10

Q

2

; (49)

where the data are plotted separately as fun
tions of lnQ

2

and lnx. The

turn-over in the derivatives in all W bins is marked. Within the framework

of pQCD, the interpretation of su
h an e�e
t is that the growth of the gluon

density at low x is tamed as Q

2

and x fall. This behaviour 
an also be seen

more 
learly in Fig. 22, whi
h shows a three-dimensional plot of the deriva-

tives as a fun
tion of both lnx and lnQ

2

, obtained from a parameterisation

of the DIS data.

Su
h an e�e
t is by no means ne
essarily an indi
ation of deviations from

the standard DGLAP evolution. It 
an be seen from Fig. 22 that, for example,
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Fig. 20. Compilation of ZEUS F

2

data in x bins as a fun
tion of Q

2

. Ea
h x bin

is shifted by an additive 
onstant for ease of visibility. Data from NMC and E665

are also shown. The dotted lines show lines of 
onstant W , while the solid lines are

�ts to the form of Eq. 48.

no turnover e�e
t o

urs in bins of 
onstant Q

2

. Nevertheless, the features

of Figs. 21 and 22 
an be explained as a natural 
onsequen
e of parton sat-

uration or shadowing. These e�e
ts 
an be naturally dis
ussed in \dipole

models" [38℄, whi
h often expli
itly take into a

ount parton-saturation ef-

fe
ts. In su
h models, the \standard" pi
ture of deep inelasti
 s
attering in

the in�nite-momentum frame of the proton is repla
ed by an equivalent pi
-

ture produ
ed by a Lorentz boost into the proton rest frame. In this frame,

the virtual photon undergoes

time dilation and develops stru
ture far upstream of the intera
tion with

the proton. The dominant 
on�gurations of this stru
ture are qq and qqg Fo
k

states, whi
h intera
t with the proton as a 
olour dipole. The higher the Q

2

of the intera
tion, the smaller the transverse size of the dipole. For small x,

the deep inelasti
 pro
ess 
an be 
onsidered semi-
lassi
ally as the 
oherent



Le
tures on HERA physi
s 31

Fig. 21. The logarithmi
 derivative of the ZEUS F

2

data in six bins of W , plotted

as a fun
tion of Q

2

and x.

intera
tion of the dipole with the stationary 
olour �eld of the proton a long

time after the formation of the dipole. As an example, the model of Gole
-

Biernat and W�ustho� (GBW) [52,53℄ is shown in Fig. 23, together with the

results of the ZEUS NLOQCD �t.

It 
an be seen that the GBW model reprodu
es the basi
 features of

the logarithmi
 derivative plot reasonably well. However, so does the ZEUS

NLOQCD �t, so that no �rm 
on
lusion 
an be drawn on the existen
e or

otherwise of saturation e�e
ts.

6 Di�ra
tion

Di�ra
tive DIS is that subset 
hara
terised by a hard intera
tion between the

proton and the ex
hanged virtual photon that nevertheless leaves the proton

inta
t. Su
h intera
tions are normally thought of in Regge theory as pro
eed-

ing via the ex
hange of a 
olourless parti
le with the quantum numbers of the

va
uum, known as the Pomeron. The Pomeron under some 
ir
umstan
es 
an

be 
onsidered to develop its own partoni
 stru
ture, analogous to the proton,

whi
h 
an be parameterised using di�ra
tive DIS data.
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Fig. 22. The logarithmi
 derivative of the ZEUS F

2

data plotted as a surfa
e in

three dimensions versus both Q

2

and x. The 
urves show lines of 
onstant W .

One of the most attra
tive features of dipole models su
h as that of GBW

dis
ussed in the previous se
tion is the rather natural way in whi
h they 
an

lead to a uni�ed des
ription of di�ra
tion and deep inelasti
 s
attering. The

QCD interpretation of the Pomeron is that it is equivalent to the ex
hange

of two gluons in a 
olour-singlet state. In this pi
ture, therefore, di�ra
tion


an be 
onsidered as a subset of fully in
lusive DIS, whi
h sums over all

possible ex
hanges between the dipole and the proton, dominantly one- and

two-gluon ex
hange in a 
olour o
tet, in 
ontrast to the 
olour-singlet ex-


hange that dominates in
lusive DIS. This deep 
onne
tion between these

two pro
esses leads to non-trivial predi
tions whi
h do indeed seem to be at

least qualitatively in agreement with the data. This is illustrated in Fig. 24.

This �gure is surprising for several reasons. It demonstrates that the di�ra
-

tive 
ross se
tion has the same W dependen
e as the total 
ross se
tion. To

the extent to whi
h the di�ra
tive 
ross se
tion 
an be related to the elasti



ross se
tion, one would have expe
ted from the Opti
al Theorem that the

ratio would have a power-law dependen
e on W , as indeed would also be

expe
ted from Regge theory via the ex
hange of a Pomeron. A strong W

(� 1=x) dependen
e is also expe
ted in QCD models, sin
e the total 
ross

se
tion is dominated by single-gluon ex
hange, whereas di�ra
tion is domi-

nated by two-gluon ex
hange. The other surprise is the fa
t that the GBW

model gives a rather good qualitative representation of the data.

ZEUS has also investigated the behaviour of this ratio as Q

2

! 0 [54℄.

Figure 25 shows the di�ra
tive stru
ture fun
tion, x

IP

F

D(3)

2

(the analogue to

F

2

, integrated over t) multiplied by x

IP

, the fra
tion of the protons momen-
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Fig. 23. The logarithmi
 derivatives of the ZEUS F

2

data as shown in Fig. 21. The

dotted 
urves show the predi
tions of the BGW model for the �ve highest W bins;

sin
e these predi
tions do not in
lude QCD evolution e�e
ts, they should be
ome

progressively less a

urate as Q

2

in
reases. The solid 
urves show the predi
tions

of the ZEUS NLO QCD �t for all W bins; they are only shown down to Q

2

� 3

GeV

2

.

tum 
arried by the Pomeron, as a fun
tion of Q

2

in various bins of W and

in two bins of M

X

, the mass of the hadroni
 system other than the proton.

The F

D(3

2

data points are determined using two methods, one of whi
h re-

quires the observation of a large rapidity gap in the proton-beam dire
tion,

while the other uses the ZEUS Leading Proton Spe
trometer (LPS) [55℄. This

devi
e is an array of six stations of sili
on-strip dete
tors pla
ed in Roman

pots downstream of the intera
tion point in the proton beam dire
tion. It

uses the HERA beam elements to form a magneti
 spe
trometer to analyse

the leading proton from di�ra
tive intera
tions. Although its a

eptan
e is

of ne
essity small, it avoids the low-mass proton disso
iative ba
kground en-

demi
 with other forms of identifying di�ra
tive intera
tions. The similarity

of Fig. 25 to Fig. 19 is striking, again illustrating the Q

�2

fallo� enfor
ed by

ele
tromagneti
 
urrent 
onservation.
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Fig. 24. The ratio of the di�ra
tive to total 
ross se
tion in four Q

2

bins as a

fun
tion of W . The 
urves show the predi
tions from the Gole
-Biernat & Wustho�

model.

6.1 Ve
tor meson produ
tion

The ex
lusive produ
tion of ve
tor mesons is both a very simple laboratory to

study many aspe
ts of di�ra
tion as well as a pro
ess in whi
h dipole models

are likely to be parti
ularly appropriate. Figure 26 shows the photoprodu
tion


ross se
tions for a variety of ve
tor mesons as a fun
tion of W , as well as

the total 
ross se
tion. The relatively slow rise of the total 
ross se
tion with

Q

2

is indi
ative of the dominan
e of soft pro
esses. The J= 
ross se
tion


learly has a mu
h steeper rise with Q

2

. This is more 
learly seen in Fig. 27,

where the 
ross se
tion for several di�erent Q

2

is shown as a fun
tion of W .

It would appear that the mass of the J= is suÆ
iently large that it gives

rise to a hard s
ale even at Q

2

� 0.

In 
ontrast, the mass of the � is small and quite large values of Q

2

need

to be rea
hed before the W dependen
e rises to the values asso
iated with

hard pro
esses. This 
an be seen in Fig. 28, whi
h shows the values of the �t

to a power law in W as a fun
tion of Q

2

. An appropriately hard s
ale seems

to pertain for Q

2

> 5.

This behaviour, in whi
h either Q

2

or the mass 
an a
t as a hard s
ale,

leads to the obvious question of whether a 
ombination of these two quan-

tities 
an also give a hard s
ale. Figure 28 shows the data on �, � and J= 

produ
tion from H1 and ZEUS plotted against Q

2

+M

2

. There is indeed a

tenden
y for the data for all the ve
tor mesons to lie on a universal 
urve.
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Fig. 25. x

IP

F

D(3)

2

in bins of W and M

X

as a fun
tion of Q

2

. The 
urves refer to

the model of Bartels et al. [56℄

However, other more detailed 
omparisons [57℄ show that some di�eren
es do

remain between the di�erent spe
ies even when plotted against Q

2

+M

2

.

To the extent that we 
an model di�ra
tion by the ex
hange of a 
olourless

two-gluon state, we would expe
t a di�eren
e between the W dependen
e of

ve
tor meson produ
tion and in
lusive DIS. This is illustrated in Fig. 29

shows the values of �ts to theW -dependen
e of the in
lusive DIS and ve
tor-

meson 
ross se
tions against Q

2

and Q

2

+M

2

, respe
tively. For Q

2

+M

2

greater than about 5 GeV

2

, the value of Æ is indeed about twi
e that at the

same value of Q

2

in in
lusive DIS, as would be expe
ted in the simple pi
ture

of two-gluon ex
hange.

Provided that we have a s
ale suÆ
iently hard that pQCD is appli
able,

we 
an also use ve
tor meson produ
tion to probe the gluon density in the

proton. Sin
e the 
ross se
tion is proportional to the gluon density squared,

su
h a determination should in prin
iple be mu
h more sensitive to the gluon

density than, for example, s
aling violations in deep inelasti
 s
attering. This

is illustrated in Fig. 30, whi
h shows ZEUS and H1 data for J= photo-

produ
tion as a fun
tion of W . We have seen already that the J= mass is
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R. Yoshida, DESY Seminar 30 Nov. 16

PHOTPRODUCTION OF VECTOR MESONS

J/ rises likeW 0:8 ! (i.e. twice F
2

at 10 GeV2)
Fig. 26. The total photoprodu
tion 
ross se
tion together with the photoprodu
-

tion 
ross se
tions for a variety of ve
tor mesons as a fun
tion of W from H1, ZEUS

and several �xed-target experiments. The dotted lines show W to the indi
ated

powers.

suÆ
iently large to guarantee that pQCD is appli
able even in photoprodu
-

tion. The quality of the data is suÆ
iently high that it is in prin
iple sensitive

to the gluon density. Unfortunately, the wave-fun
tion of the J= must be

modelled, whi
h leads to substantial un
ertainty in the model predi
tions, so

that this data has not as yet been used in global �ts to 
onstrain the gluon

density. The good agreement between at least some version of the models

and the data, as shown in Fig. 30, does however indi
ate that the gluon de-

termined in the global �ts to DIS data is indeed also able to explain the

dynami
s of this 
ompletely di�erent di�ra
tive pro
ess.

Finally, it is interesting to investigate whether t 
an also provide a hard

s
ale for pQCD. ZEUS has pre
ise data out to �t � 12 GeV

2

for � produ
tion

and also to beyond 6 GeV

2

for � and J= . The ratio of the 
ross se
tions for

� and � starts somewhat below the SU(4) expe
tation but rea
hes it quite

qui
kly, by �t � 3 � 4 GeV

2

. In 
ontrast, the J= ratio remains below the

SU(4) predi
tion for mu
h longer, hardly rea
hing it even for �t � 6 GeV

2

.



Le
tures on HERA physi
s 37

10
-1

1

10

10 2

10 100

W   [GeV]

σ to
t(γ

* p→
J/

ψ
p)

   
[n

b] ZEUS 96-99 (Preliminary)
ZEUS 95
H1 95-97
ZEUS PhP (Preliminary)
H1 PhP
Fit with Wδ

FKS  (CTEQ4M)
MRT (CTEQ5M)

ZEUS 96-99 Preliminary Q2

 0 GeV2

3.1 GeV2

6.8 GeV2

16 GeV2

Q2   [GeV2]

δ

0

1

2

0 5 10 15 20

Fig. 27. The ZEUS and H1 J= 
ross se
tion for several bins of Q

2

as a fun
tion

of W . The dotted lines show the predi
tions of the model of Frankfurt, Koepf

and Strikman [58℄, the dashed lines show the predi
tions of Martin, Ryskin and

Teubner [59℄ and the solid lines show �ts to the form of W

Æ

. The inset shows the

Æ obtained from these �ts as a fun
tion of Q

2

.

Figure 31 shows the ZEUS data for all three ve
tor mesons as a fun
tion of �t


ompared to a two-gluon ex
hange model and to a model in whi
h a BFKL

gluon ladder is ex
hanged [60℄. It 
an be seen that the two-gluon model 
om-

pletely fails to reprodu
e the data both in magnitude and in shape, whereas

the BFKL model, whi
h has been �t to the ZEUS data, gives an ex
ellent

�t for all three mesons. Although some of the model assumptions, su
h as

a �xed �

s

and a Æ-fun
tion wave-fun
tion for the light ve
tor mesons, are

somewhat questionable, the fa
t that this BFKL model �ts the data whereas


onventional pQCD fails is very striking. It 
an thus be 
on
luded that t does

form an appropriate hard s
ale for pQCD 
al
ulations. However, the ratios of

ZEUS ve
tor-meson 
ross se
tions behave di�erently as a fun
tion of t 
om-

pared to Q

2

, so that either these ratios are di�erent at asymptoti
 values of

the two variables, or t and Q

2

are not equivalent hard s
ales.
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exponent is plotted as a fun
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2

. b) The exponent obtained from �ts of the

form W

Æ

to the ve
tor meson data from ZEUS and H1. The value of the exponent

Æ is plotted against Q

2

+M

2

.

6.2 Deeply virtual Compton s
attering

Deeply virtual Compton s
attering (DVCS) is an interesting pro
ess in that

it is the simplest possible non-elasti
 di�ra
tive pro
ess. It 
onsists of di�ra
-

tive s
attering of the virtual photon from the proton, putting the virtual

photon onto mass shell so that the �nal state 
onsists of the initial proton

and positron plus a photon. As su
h, no fragmentation or hadroni
 wave-

fun
tions 
ompli
ate the pro
ess. The Bethe-Heitler QED pro
ess also leads

to the same �nal state, whi
h is both a blessing and a 
urse. The 
urse is

that is ne
essary to separate the two pro
esses; the blessing is that the fa
t

of identi
al �nal states leads to interferen
e. Sin
e the amplitude and phase
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Fig. 29. a) Values of the exponent in �ts of the form W

Æ

to the W dependen
e of

the in
lusive DIS total 
ross se
tion, as a fun
tion of Q

2

. b) Values of the exponent

in �ts of the form W

Æ

to the W dependen
e of the 
ross se
tion for a variety of

ve
tor mesons, as a fun
tion of Q

2

+M

2

.

of the QED pro
ess is 
al
ulable, in prin
iple this opens the door to the de-

termination of the unknown QCD amplitude that governs DVCS. However,

we are still some 
onsiderable distan
e from this goal.

Given that a virtual photon parti
ipates in the 
ollision with the parton

in the proton and that it emerges on mass shell, it is 
lear that the s
attered

parton that must be re-integrated into the �nal-state proton must undergo a


hange in its four-momentum 
orresponding to a 
hange in its x value. Thus

the DVCS pro
ess is sensitive to the so-
alled \skewed parton distributions

inside the proton, whi
h 
an be thought of as the 
ross-
orrelation fun
tion
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Fig. 30. a) The ZEUS and H1 data on J= photoprodu
tion, together with the

data from two �xed target experiments as a fun
tion of W . The 
urve shows a �t to

the formW

Æ

. b) The ZEUS data together with 
urves showing the predi
tions using

the stated gluon pdfs from the models of Frankfurt, M
Dermott and Strikman [65℄

and Martin, Ryskin and Teubner [59℄.

between partons of fra
tional momentum x

1

and x

2

. Thus mu
h unique in-

formation 
an be obtained by studying these pro
esses.

The DVCS pro
ess was �rst seen at HERA by ZEUS [61℄. The H1 
ol-

laboration has published results on the observation of this pro
ess and the

�rst measurement of the 
ross se
tion [62℄. The ba
kground from the Bethe-

Heitler pro
ess 
an be subtra
ted by utilising the kinemati
 
hara
teristi
s of

the two pro
esses. In DVCS, the photon is normally produ
ed at a large angle

to the in
ident beam dire
tions and the positron at a small angle, whereas,

for the Bethe-Heitler pro
ess, the reverse is the 
ase. The sum of Monte Carlo
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Figure 8: The measured di�erential 
ross se
tions d�


p!V Y

=dt (symbols) for

(a) �

0

, (b) �, and (
) J= photoprodu
tion in the range 80 < W < 120GeV and

0:01 < x̂ < 1. The solid 
urves show a pQCD 
al
ulation [16℄. The inner bars

indi
ate the statisti
al un
ertainty and the outer bars represent the statisti
al and

systemati
 un
ertainties added in quadrature. The shaded bands represent the size

of the 
orrelated un
ertainties due to the modelling of the disso
iative system Y:

36

Fig. 31. The ZEUS data on ve
tor-meson produ
tion at high �t. The 
urve shows

a �t to a BFKL-model by Forshaw and Poludniowski.

generators des
ribing the two pro
esses gives a good des
ription of the kine-

mati
 quantities of the data, giving 
on�den
e that the DVCS 
ross se
tion


an be extra
ted. The H1 and ZEUS 
ross se
tions are shown in Fig. 32.

It 
an be seen that the 
ross se
tions are 
ompletely dominated by statisti-


al errors and that both 
ollaborations �nd good agreement with theoreti
al

models, notably that of Frankfurt, Freund and Strikman [63℄ and Donna
hie

and Dos
h [64℄. As more data is 
olle
ted, the possibility of using this pro
ess

to determine skewed parton distributions will make it a fruitful area of study

at HERA II.

There are many more areas of di�ra
tion, in parti
ular the di�ra
tive

stru
ture fun
tions, whi
h I have not been able to 
over. The study of di�ra
-

tion has turned out to be one of the most ex
iting and ri
h areas of HERA

physi
s. It will 
ontinue at HERA II and will hopefully allow us to make

progress in our understanding of soft intera
tions and the related, and fun-

damental, question of understanding 
on�nement in QCD.

7 Heavy quark produ
tion

We have already tou
hed upon the produ
tion of 
harm quarks at HERA in

the dis
ussion of the F




2

in Se
tion 4.4. In fa
t, 
opious amounts of 
harm are

produ
ed in photoprodu
tion at HERA, so that for many 
hannels, HERA is
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Fig. 32. a) The 
ross se
tion for deeply virtual Compton s
attering as a fun
tion

of Q

2

as measured by the H1 
ollaboration. The dotted area 
orresponds to the

predi
tion of Frankfurt, Freund and Strikman, while the solid area is the predi
-

tion of Donna
hie and Dos
h. b) The DVCS 
ross se
tion as measured by ZEUS.

The 
urve shows the predi
tion for the elasti
 pro
ess by Frankfurt, Freund and

Strikman.

a \
harm fa
tory. The ZEUS 
ollaboration has made several 
ontributions to


harm spe
tros
opy results: as an example, Fig. 33 shows the D

�

� spe
trum

from 110 pb

�1

of data. A rather 
omplex set of stru
tures 
an be observed

between 2.4 and 2.5 GeV, some of whi
h 
orrespond to known resonan
es

and some of whi
h do not. Work 
ontinues to understand this 
omplex area;

the sensitivity of ZEUS in this sort of investigation is similar to that of the

LEP experiments and CLEO.

Both H1 and ZEUS have observed beauty produ
tion in photoprodu
tion;

H1 has also published a 
ross se
tion in DIS. The identi�
ation of the b

signal is based on the use of high-transverse-momentum leptons for ZEUS;

H1 also use tra
ks with large impa
t parameter as measured in their sili
on

vertex dete
tor. The results as a fun
tion of Q

2

are shown in Fig. 34. It


an be seen that the QCD predi
tions are substantially below the data for

all Q

2

, thus joining a pattern also seen in proton-antiproton and photon-

photon 
ollisions. The tenden
y for pQCD to fail to predi
t B 
ross se
tions,

whi
h naively would be thought to be an area in whi
h it should work well,

is be
oming in
reasingly interesting. The advent of HERA II will make an

enormous di�eren
e to the pre
ision of this type of measurement and should

allow a stringent test of the theory of heavy-quark produ
tion.
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Fig. 33. The D

�

� spe
trum from ZEUS, where theD

�

de
ays via D� and the D via

K�. To improve the a

ura
y of the re
onstru
tion, the e�e
tive mass of the K���

system minus the e�e
tive mass of the K�� system that forms the D

�

plus the D

�

mass is plotted. The 
urves show a polynomial ba
kground plus Gaussians for the

known D

0

1

resonan
e at 2.420 GeV and the D

�

2

at 2.460 GeV. Another stru
ture at

just above 2.4 GeV also seems to be visible.

8 High-Q

2

phenomena

HERA provides an unique opportunity to study the ele
troweak intera
tion

at Q

2

suÆ
iently high that the 
harged and neutral 
urrents are of similar

strength. Figure 35 shows the di�erential 
ross-se
tions for the 
harged and

neutral 
urrents as a fun
tion of Q

2

from H1 and ZEUS. It 
an be seen

that, for e

�

p intera
tions, these two pro
esses be
ome of equal strength at

Q

2

� M

2

Z

� 10

4

GeV

2

. For e

+

p intera
tions, the 
harged 
urrent 
ross-

se
tion approa
hes the neutral 
urrent 
ross-se
tion, but remains below it.

The features of this plot 
an be explained by inspe
tion of Eq. 26, together

with Eqs. 50 and 51 below:

d
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tion,. The band shows the un
ertainty on the predi
tions

of perturbative QCD.

2xfu(x) + 
(x) + (1� y)

2

(d(x) + s(x))g (51)

For the 
harged 
urrent 
ase, the smaller size of the e

+

p 
ross-se
tion


ompared to e

�

p is related to the fa
t that, at high Q

2

, Eq. 3 implies that

both x; y ! 1. There are two main 
ontributory fa
tors to the 
ross-se
tion

di�eren
e that 
ow from this. First, there are twi
e as many u valen
e quarks

inside the proton that 
an 
ouple to W

�

as d quarks that 
an 
ouple to W

+

.

Se
ondly, the (1� y)

2

terms in Eqs. 50 and 51, whi
h arise from the V � A

heli
ity stru
ture of the 
harged weak 
urrent, imply that the valen
e-quark


ontribution, whi
h is dominant at high Q

2

, is suppressed for the positron


ase but not for ele
trons.

The di�eren
e between the ele
tron and positron neutral 
urrent 
ross

se
tions shown in Eq. 26 allows the determination of the parity-violating

stru
ture fun
tion xF

3

by taking the di�eren
e of the 
ross se
tions. The

results [66℄ are shown in Fig. 36. Sin
e its determination requires the sub-

tra
tion of two quantities that are almost equal, it is dominated by statisti
al

un
ertainties, whi
h are in turn dominated by the fa
t that the ele
tron data

sample that has so far been obtained at HERA is mu
h smaller than that for

positrons.

The high-Q

2

regime is also interesting sin
e possible new states from

ele
tron-quark fusion (e.g. leptoquarks) have masses given by M

2

� sx and

sin
e the sensitivity to the e�e
ts of new 
urrents is maximised. An example of

the sensitivity that 
an be obtained at HERA is shown in Fig. 37, whi
h shows
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Fig. 35. Charged and neutral 
urrent di�erential 
ross se
tions for e

�

s
attering

as a fun
tion of Q

2

from H1 and ZEUS.

the mass against 
oupling limits for two varieties of s
alar leptoquark. Both

H1 and ZEUS have 
omparable limits for a whole range of su
h states with

di�ering quantum numbers. It 
an be seen from Fig. 37, and it is generally the


ase, that for some states, in parti
ular in R-parity-violating supersymmetry

models or leptoquarks, HERA has higher sensitivity than either LEP or the

Tevatron.

Limits on ex
ited leptons and quarks have also been obtained by ZEUS

and H1, whi
h extend the limits from the LEP experiments 
onsiderably

beyond the LEP II 
entre-of-mass energy.

As well as stringent limits on new phenomena, the HERA data also show

intriguing features whi
h may be signatures for new physi
s. The H1 
ol-

laboration has observed a 
lass of events that have isolated 
harged leptons

with large missing transverse momentum. Figure 38 shows the distribution of

the transverse momentum of the hadroni
 system, p

X

T

, against its transverse

mass, separately for ele
trons (or positrons) and muons in su
h events. Also
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Fig. 36. The xF

3

stru
ture fun
tion as determined by H1 and ZEUS as a fun
tion

of x in six bins of Q

2

.

shown are the expe
tations from the Standard Model ba
kground, whi
h is

dominated by single W produ
tion.

It 
an be seen that the distribution of the events is rather di�erent to

the Standard Model expe
tation. Furthermore, for the transverse mass of the

hadroni
 system greater than 25 GeV, H1 sees four ele
tron and six muon

events, 
ompared to Standard Model expe
tations of 1.3 and 1.5 events, re-

spe
tively. Unfortunately, this ex
iting observation is not 
on�rmed by ZEUS,

whi
h, for the same 
ut in p

X

T

, sees one event in ea
h 
ategory 
ompared to

the Standard Model expe
tation of 1.1 and 1.3, respe
tively. Intensive dis-


ussions between the two experiments have not revealed any reason why H1

might arti�
ially produ
e su
h an ex
ess nor why ZEUS should not observe

it. It would therefore seem that there must be an unlikely 
u
tuation: either

the H1 observation is an upward 
u
tuation from the Standard Model, or

ZEUS has su�ered a downward 
u
tuation from a signal for new physi
s.

More data from HERA II will be required to resolve this puzzle.
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Fig. 37. Limits on 
oupling strength � versus mass M

LQ

for leptoquarks. The

top plot shows limits for fermion number = 0 leptoquarks de
aying into the eq

�nal state from ZEUS. The lower plot shows limits from H1 for fermion number

= 2 leptoquarks de
aying into both eq and �q �nal states. Also shown are limits

obtained from the Tevatron (yellow shaded area) and LEP (blue striped area).

These leptoquark spe
ies have identi
al quantum numbers to squarks that violate

R-parity.

One possible sour
e of an ex
ess of events with isolated leptons with miss-

ing transverse momentum would be from a 
avour-
hanging neutral 
urrent

pro
ess produ
ing single top quarks. Both H1 and ZEUS have used the sam-

ples des
ribed above to put limits on the FCNC 
ouplings of the 
 to light

quark-top quark verti
es. The results are shown in Fig. 39. Also shown are the

limits from LEP and CDF, whi
h are 
omplementary to those from HERA,

in the sense that, sin
e the Z-ex
hange 
ross se
tion at HERA is so mu
h

smaller than that for 
 ex
hange, the HERA data limit only the photon


oupling.

9 HERA II physi
s

Sin
e many of the physi
s results dis
ussed above, parti
ularly those at high

Q

2

, are statisti
s limited, there is a 
lear physi
s 
ase for a signi�
ant in
rease

in integrated luminosity for H1 and ZEUS. There are also other interesting

physi
s investigations possible at HERA that have not yet been 
arried out.

For example, there is a natural build-up of transverse polarisation of the lep-



48 B. Foster

0

20

40

60

80

10 10
2

Meν(GeV)

P
X

(G
eV

)

MT (GeV)

P
T
(G

eV
)

a)

H1 PRELIMINARY  101.6pb-1 e+p data 94-00

LMC=500*LDATA

0

20

40

60

80

10 10
2

Mµν(GeV)

P
X

(G
eV

)

MT (GeV)

P
T
(G

eV
)

b) H1

Fig. 38. Distribution of transverse mass versus the p

T

of the hadroni
 system

for H1 events 
ontaining a) isolated ele
trons and b) isolated muons. The dots

show the distribution of Standard Model W Monte Carlo events 
orresponding to

a luminosity 500 times that of the data.

ton beam in HERA that o

urs through the Sokholov-Ternov e�e
t [67℄. As

very su

essfully demonstrated at HERMES using gas targets, this transverse

polarisation 
an be rotated into the longitudinal dire
tion and utilised to do

physi
s. The installation of spin rotators in H1 and ZEUS would allow polar-

isation studies to be 
arried out at very mu
h higher Q

2

. This is parti
ularly

interesting to study the 
hiral properties of the ele
troweak intera
tion. For

these and several other reasons, it was de
ided to embark on a major upgrade

of both the HERA a

elerator and the H1 and ZEUS dete
tors. The aim of

the HERA II programme is to produ
e a fa
tor of approximately �ve in
rease

in luminosity and a

umulate 1 fb

�1

of data with both ele
tron and positron


ollisions in both longitudinal polarisation states.

The 
hanges to the HERA a

elerator in
lude the repla
ement of 480

meters of the va
uum system and the design and installation of almost 80

magnets in the region around the H1 and ZEUS intera
tion points. In par-

ti
ular, super
ondu
ting quadrupole fo
ussing elements were inserted inside

both dete
tors to redu
e the beam emittan
e and spin rotators were installed

on either side of the H1 and ZEUS intera
tion regions.
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Fig. 39. Limits on 
avour-
hanging neutral 
urrent 
oupling strength for single top

produ
tion. Limits from H1 and ZEUS are plotted on the two-dimensional spa
e

of the photon and Z 
oupling strengths. Also shown are similar limits from the


ombined LEP experiments (to the right of the shaded 
urve) and from CDF (to

the right of the bla
k shaded lines).

Both the ZEUS and H1 dete
tors have undergone a massive programme

of 
onsolidation and repair work, as well as major dete
tor upgrades. As an

example, I dis
uss brie
y the 
hanges made to ZEUS; the general thrust of

the upgrade is similar in the two dete
tors, although the details are di�erent.

9.1 Upgrades to ZEUS for HERA II

The ZEUS upgrades have 
on
entrated in three main areas: the vertex region;

the forward dire
tion; and the luminosity monitoring.

The vertex region The tagging of the large 
ux of heavy quarks (
harm and

beauty) produ
ed at HERA II 
an be greatly enhan
ed by the installation

of a high-pre
ision 
harged-parti
le dete
tor as 
lose as possible to a thin

beampipe. The ZEUS MVD [68,69℄ 
onsists of 20 �m pit
h n-type sili
on-

strip dete
tors with p

+

-type implants. The readout pit
h is 120 �m, leading

to more than 200,000 readout 
hannels, whi
h are digitised by a 
ustom-

built 
lo
k, 
ontrol and ADC system. The dete
tors are organised in two

main groups: a \barrel", whi
h surrounds the ellipti
al 2 mm-thi
k (� 1:1%

of a radiation length) aluminium-beryllium beam-pipe; and four \wheels",
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onsisting of wedge-shaped dete
tors mounted perpendi
ular to the beam-

line in the forward dire
tion from the intera
tion point. Figure 40 shows

one half of the MVD before installation at DESY. In the barrel region, the

ladders, ea
h of whi
h 
onsists of �ve sili
on dete
tors, and halves of the four

forward \wheels", 
an be seen, as 
an the dense array of readout and servi
es


ables and the 
ooling system. The 
omplete MVD was installed in ZEUS in

April 2001 and has been fully integrated with the ZEUS DAQ system; both


osmi
-ray and beam-related data have been taken.

Fig. 40. A photograph of one half of the MVD, showing the barrel ladders, one

half of ea
h of the four forward wheels and the 
ables and servi
es.

The physi
s programme addressed by the MVD is that of the 
avour

de
omposition of the proton and photon and the sear
h for physi
s beyond the

Standard Model. The large in
rease in luminosity of HERA II, together with

the ability to tag heavy-quark de
ays in the MVD, should greatly improve

the measurement of F




2

dis
ussed in Se
tion 4.4. After about 500 pb

�1

, an

un
ertainty of around the 2% 
urrently measured on F

2

should be obtained.

In addition, b-quark produ
tion 
an be measured pre
isely; a Monte Carlo

simulation [70℄ of a measurement of F

b

2

=F




2

after 500 pb

�1

is shown in Fig. 41.
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Fig. 41. The MC predi
tion for the ratio of the 
ontribution to F

2

of b-quark to


-quark produ
tion in Q

2

bins as a fun
tion of x after 500 pb

�1

of data at HERA

II.

It should also be possible, from a 
ombination of neutral and 
harged


urrent measurements, to separate out the u; d; s; 
; b and g 
ontribution to

F

2

.

Charged-parti
le tra
king in the forward dire
tion The higher lumi-

nosity expe
ted at HERA II will in
rease the number of very high-Q

2

events

in whi
h the ele
tron or positron is s
attered into the forward dire
tion.

It will also give a

ess to rare pro
esses, in
luding possible physi
s beyond

the Standard Model, whi
h tend to have forward jets and/or leptons. The

pattern-re
ognition 
apabilities of the ZEUS Forward Tra
ker have therefore

been improved by the repla
ement of two layers of transition-radiation de-

te
tor by layers of straw tubes. The straws are approximately 7.5 mm in

diameter and range in length from around 20 
m to just over 1 m. They are


onstru
ted from two layers of 50 �m kapton foil 
oated with a 0.2 �m layer of

aluminium, surrounding a 50 �m wire at the 
entre. The straws are arranged

in wedges 
onsisting of three layers rotated with respe
t to ea
h other to give

three-dimensional re
onstru
tion. Ea
h of the two \supermodules" 
onsists

of four layers of su
h wedges.

Luminosity monitor The measurement of luminosity at HERA II must


ope with the greatly in
reased syn
hrotron-radiation ba
kground and the

higher probability for multiple bremsstrahlung photons in one beam 
rossing.

To 
ompensate for this, two devi
es, with very di�erent systemati
 un
ertain-

ties, have been 
onstru
ted. Both devi
es use the information from a small


alorimeter pla
ed around 6 m from the intera
tion point whi
h dete
ts the
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radiating ele
tron. It is hoped that the redu
tion of systemati
 error that 
an

be obtained from independent luminosity measurements using very di�erent

te
hniques will allow a pre
ision of around 1% to be attained.

9.2 Polarisation

Polarisations of around 65% have been a
hieved at HERA I. It is hoped

to in
rease the a

ura
y with whi
h the polarisation 
an be measured to

ÆP=P � 2% per bun
h per minute. This will be a
hieved by a 
ollabora-

tion between H1, HERMES, ZEUS and the HERA ma
hine in the POL2000

proje
t. The 
ollaboration has 
onstru
ted two instruments, one to measure

the longitudinal polarisation and the other to measure the transverse polar-

isation. Both dete
t asymmetries in ba
k-s
attered light from high-intensity

polarised lasers.

0

20

40

60

80

100

120

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ZEUS CC Cross Sections

e-p Data (Prelim. 16 pb-1)

e-p SM √s=320 GeV

e-p SM (MC)

√s=320 GeV (50 pb-1)

e+p Data (48 pb-1)

e+p SM √s=300 GeV

e+p SM (MC)

√s=300 GeV (50 pb-1)

P

σCC TO
T (Q

2  > 
20

0 G
eV

2 ) (
pb

)

Fig. 42. The 
ross se
tion for 
harged 
urrent intera
tions. The points at P = 0 are

obtained from ZEUS preliminary results at the indi
ated 
entre-of-mass energies,

while those at non-zero polarisation are Monte Carlo simulations of the expe
ted

a

ura
y in ZEUS assuming the Standard Model 
ross se
tion for an integrated

luminosity of 50 pb

�1

per point.

The 
ombination of high-pre
ision measurements of both luminosity and

polarisation will be important in a wide range of HERA II physi
s, parti
-

ularly in the ele
troweak se
tor. The 
harged 
urrent 
ross se
tion should
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vanish for the appropriate 
ombinations of lepton 
harge and polarisation.

A measurement at three polarisations, su
h as shown in Fig. 42, even with

an integrated luminosity of only 50 pb

�1

per point, will provide an a

urate

test of this predi
tion and thereby give sensitivity to possible new 
urrents

outside the Standard Model.

Strong polarisation e�e
ts are also predi
ted at high Q

2

in neutral 
urrent

intera
tions, where, e.g. at Q

2

= 10

4

GeV

2

and x = 0:2, there is a fa
tor of

two di�eren
e between the predi
ted 
ross se
tions for left- and right-handed

ele
trons.

In addition to the use of pre
ise luminosity and polarisation information

in the study of ele
troweak pro
esses, polarisation also o�ers an invaluable

tool in the study of possible signals beyond the Standard Model. Varying

the polarisation to redu
e the 
ross se
tions of Standard Model pro
esses 
an

improve the signal to ba
kground for new physi
s signals, su
h as leptoquarks

or supersymmetri
 parti
les that violate R parity, for whi
h HERA will be


ompetitive with the Tevatron for the next few years.

10 Summary

We have seen that the study of deep inelasti
 s
attering has been seminal in

the development of our 
urrent understanding of parti
le physi
s. In the last

de
ade, HERA I has 
hanged our per
eption of QCD out of all re
ognition.

In many 
ases the pre
ision of the data mandate NNL, or even high order,

QCD predi
tions. The study of di�ra
tion and the transition region between

soft and hard physi
s may be the beginning of the era of quantitative study

of the 
entral problem of the strong intera
tion, 
on�nement. The signi�
ant

in
rease in expe
ted luminosity and the use of new tools su
h as polarisation

promise that HERA II physi
s should 
ontinue to provide both new results

and surprises in the years to 
ome.
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