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1.1 Introdu
tion

The elementary nature of the ele
tron makes it a good probe to study the stru
ture

of the proton in deep inelasti
 ep intera
tions [1℄. Previous �xed-target deep inelasti


s
attering (DIS) experiments have dis
overed the partoni
 stru
ture of the nu
leon and

established Quantum Chromodynami
s (QCD) as the 
orre
t �eld theory of quark{

gluon intera
tions at small distan
es.
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Figure 1.1.1: The kinemati


plane in deep inelasti
 lepton{

proton s
attering, showing the re-

gions 
overed by �xed-target s
at-

tering experiments and by the

HERA experiments, and the ex-

tension of the kinemati
 range

by the THERA 
ollider with an

ep 
entre-of-mass energy squared

of s = 2:56 � 10

6

GeV

2

. The

variables x and Q

2

denote the

Bjorken s
aling variable and the

negative square of the four-

momentum transfer between lep-

ton and proton, respe
tively.

HERA [2℄, the �rst ele
tron{proton 
ollider, has been a major step forward in

a

elerator te
hnology and has resulted in a number of fundamental physi
s observa-

tions: the dis
overy of the rise of the proton stru
ture fun
tion F

2

(x;Q

2

) towards low

Bjorken x, whi
h is related to a large gluon density in the proton; the dis
overy of

hard di�ra
tive s
attering in DIS and the 
on�rmation of the pointlike nature of the

partons down to distan
es of about 10

�18

m. The HERA measurements at low Q

2

have

initiated intense studies of the transition between QCD radiation at small distan
es

and non-perturbative parton dynami
s at large transverse distan
es, whi
h has be
ome

a 
entral issue in modern strong intera
tion theory.

THERA

1

uses polarised ele
trons or positrons from the linear a

elerator TESLA

at energies of 250{800GeV and brings them into 
ollision with high-energy protons

(500GeV to 1TeV) from HERA in the West Hall on the DESY site. THERA will thus

extend the investigation of deep inelasti
 s
attering into an as yet unexplored kinemati


region (Fig. 1.1.1), yielding 
omplementary information to hadron{hadron and e

+

e

�


olliders in the TeV energy range.

At low x, THERA o�ers the possibility of un
overing a new strong-intera
tion do-

1

The a
ronym THERA symbolises a 
ombination of TESLA and HERA. It also is the name of a

Greek island, whi
h in the Dori
 period was 
alled Kalliste, most beautiful.
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main of parton saturation, whi
h would be a substantial step towards an understanding

of 
on�nement. Pro
esses su
h as jet produ
tion in the proton beam dire
tion or heavy


avour produ
tion at low x, studies of the partoni
 stru
ture of the photon and a pre-


ision measurement of the strong intera
tion 
oupling 
onstant �

s

make THERA an

ex
ellent fa
ility for investigating strong and ele
troweak intera
tion dynami
s. Fi-

nally, the high 
entre-of-mass energy will open a new window for the observation of

new parti
les or intera
tions, su
h as leptoquarks, supersymmetri
 parti
les or 
onta
t

intera
tions, the heli
ity stru
ture of whi
h 
ould be parti
ularly well investigated at

THERA.

With 
entre-of-mass energies beyond 1TeV, stru
tures in the proton with sizes down

to 10

�19

m will be resolved. In the history of the exploration of the basi
 stru
ture of

matter, illustrated in Fig. 1.1.2, THERA thus represents a new major step.
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Figure 1.1.2: The development over

time of the resolution power of ex-

periments exploring the inner stru
-

ture of matter, from the Rutherford

experiment to THERA.

The ele
tron{proton s
attering programme at THERA 
an be greatly extended by

a

elerating nu
lei or polarised protons in the HERA ring, or with real photon{proton

s
attering using laser light ba
ks
attered o� the ele
tron beam. Thus THERA 
an be

a unique long-term, 
ost-e�e
tive fa
ility for inelasti
 lepton{hadron s
attering in an

unexplored range.

The stru
ture of this appendix

2

is the following: In Se
t. 1.2 the physi
s subje
ts

studied are dis
ussed, and the major physi
s possibilities are highlighted. In Se
t. 1.3

the THERA ma
hine layout and luminosity estimates, as well as the 
on
ept of a

THERA dete
tor, are presented. Se
t. 1.4 presents brie
y the physi
s options of run-

ning the THERA fa
ility in ~eA, ~
p and ~e~p mode. A brief summary is given in Se
t. 1.5.

2

This appendix summarises studies of a group of about one hundred physi
ists. Most of the results

are available on the web (http://www.ifh.de/thera) and will be do
umented in more detail in

a separate volume [3℄.
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1.2 Physi
s with THERA

1.2.1 Low-x physi
s

From the measurement of the di�erential 
ross se
tion d

2

�=dx dQ

2

in in
lusive deep-

inelasti
 lepton{proton s
attering, `p! `X, the proton stru
ture fun
tion F

2

(x;Q

2

) is

determined. In the naive Quark Parton Model (QPM), F

2

is interpreted as the sum of

the momentum densities of quarks and anti-quarks in the proton, weighted with their


harge squares. The variable x is interpreted as the fra
tion of the proton's longitudinal

momentum 
arried by the stru
k quark. A

ording to the relation x = Q

2

=sy (where

y is the fra
tional energy 
arried by the ex
hanged 
urrent), every step towards higher


entre-of-mass energy,

p

s, leads deeper into the unexplored region of low x.
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Figure 1.2.1: The proton stru
ture

fun
tion F

2

(x;Q

2

) as measured in

�xed-target �p s
attering at large

x, and in ep s
attering at HERA.

The solid 
urves show a �t using

the next-to-leading order QCD evo-

lution equations. The dashed 
urve

for the lowest-Q

2

data is a �t using

Regge theory. The stru
ture fun
-

tion in the low-x region represents

the sea-quark 
omponent of the pro-

ton. With THERA, the kinemati


range will be extended by a further

order of magnitude towards lower x.

The expe
ted behaviour of F

2

in this

new region is hotly debated.

The high-energy 
ollider HERA and its experiments have extended the kinemati


(x;Q

2

) region for DIS by about two orders of magnitude. As 
an be seen in Fig. 1.2.1,

the stru
ture fun
tion F

2

as measured at HERA [4, 5℄ and thus the sea-quark density

rises by a large fa
tor towards low x, and the in
rease be
omes stronger with in
reasing

Q

2

. The data in the DIS region were found to be well des
ribed by the QCD evolution

equations [6℄, whi
h are based on the renormalisation group equations and the operator

produ
t expansion. Figure 1.2.1 also illustrates that the behaviour of the data [7℄ at

low Q

2

< 1GeV

2

is 
ompletely di�erent, showing a slower, logarithmi
 rise, whi
h is

typi
al for the energy dependen
e of soft hadroni
 pro
esses.

Mu
h of the understanding of strong intera
tion dynami
s is derived from the study
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of Q

2

dependen
es in DIS. The HERA experiments have found that F

2

(x;Q

2

) at �xed

small values of x strongly rises with Q

2

. In the standard QCD evolution equations, the

derivative (�F

2

=� lnQ

2

)

x

at �xed low x is, at leading order, proportional to the produ
t

of the strong intera
tion 
oupling 
onstant, �

s

, and the gluon momentum density, xg.

Thus the rise of F

2

with Q

2

as measured at HERA implies a large gluon density in

the proton, whi
h in
reases towards low x (see Fig. 1.2.2). However, it remains an

open question whether the underlying evolution equations stri
tly hold at the lowest x

values, in spite of negle
ting large logarithms of the type ln(1=x) and possible unitarity

e�e
ts. Data at lower x and larger Q

2

are required to resolve this issue. Theoreti
al

QCD developments regarding DIS at low x are dis
ussed in Se
t. 1.2.2.1.

In the HERA 
ollider experiments a number of observables have been studied whi
h

provide insight into strong intera
tion dynami
s independently of F

2

and are also sensi-

tive to the behaviour of the gluon distribution at low x. Examples are the longitudinal

stru
ture fun
tion F

L

/ �

s

xg [4℄, the produ
tion of ve
tor mesons like J= [8, 9℄

(/ (�

s

xg)

2

) and the 
harm stru
ture fun
tion F




2

[10, 11℄. The su

essful des
ription

of these and further measurements with a single set of parton distribution fun
tions of

the proton has been a major su

ess of perturbative QCD.

Due to the high density of quarks and gluons, qualitatively new signatures are ex-

pe
ted in the low-x region of THERA. An extrapolation of the rise of F

2

to lower x,

as indi
ated by Fig. 1.2.1, would at some point violate the unitarity limit of virtual

photon{proton s
attering. An upper limit on xg is obtained from the unitarity require-

H
1

 C
o

lla
b

o
ra

ti
o

n

Figure 1.2.2: Gluon momentum

distribution measured at HERA,

extra
ted within the framework of

the 
onventional evolution equa-

tions of perturbative QCD. The

gluon distribution is sensitive to

the understanding of heavy 
avour

produ
tion at low x and Q

2

. The

behaviour of the gluon density in

the kinemati
 range of THERA is

a hotly debated issue whi
h has to

be resolved experimentally.
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ment that the inelasti
 
ross se
tion of the intera
tion of a small dipole

3

[13,14℄ with the

proton may not ex
eed the transverse proton size �R

2

. This leads to an approximate


onstraint [15, 16℄

xg(x;Q

2

) �

1

�N




�

s

(Q

2

)

Q

2

R

2

'

Q

2

�

s

; (1.2.1)

where N




is the number of 
olours and Q

2

is given in GeV

2

. Given the strong rise

of xg towards low x (Fig. 1.2.2), it seems likely that the unitarity limit is rea
hed in

the THERA kinemati
 range and that therefore this rise eventually be
omes tamed.

As dis
ussed in Se
t. 1.4.1, it is possible that these e�e
ts are ampli�ed in ele
tron{

nu
leus s
attering. In any 
ase, understanding deep inelasti
 stru
ture fun
tions in the

THERA range is of 
ru
ial relevan
e for the des
ription of high-energy 
ross se
tions

at hadron 
olliders and astro-parti
le physi
s experiments [17, 18℄.

Saturation may be 
onne
ted with a novel, high parton density state of QCD,

between the low-density region of partons and the region of 
on�nement. The transition

from the perturbative range of small distan
es to the physi
s at large distan
es is


urrently being intensively studied, using data from the HERA 
ollider experiments

on the total virtual-photon proton 
ross se
tion as well as on elasti
 ve
tor meson

produ
tion and di�ra
tion. Despite the su

ess of phenomenologi
al models, however,

a 
onsistent theoreti
al des
ription remains elusive [19℄

4

, and a signi�
ant extension of

the kinemati
 range in deep inelasti
 s
attering is required.

1.2.1.1 The high-density QCD phase and 
on�nement

The deep inelasti
 s
attering pro
ess 
an be viewed as a 
u
tuation of the in
oming

proton into a 
loud of 
onstituents whi
h is subsequently s
anned by the virtual photon.

The life-time of the 
loud, � � 1=Mx, is 
onsiderably longer than the photon intera
tion

time (M being the proton mass). Therefore the photon takes `snapshots' of the `frozen'

proton 
loud with a resolution �r � 1=

p

Q

2

. The x and Q

2

dependen
e of the proton

stru
ture may be viewed as sket
hed in Fig. 1.2.3.

HERA data and theoreti
al studies suggest that hadrons have a qualitatively dif-

ferent stru
ture in three domains:

3

Theoreti
al des
riptions of DIS at low x frequently use a frame in whi
h the proton is at rest. In the

high-energy limit, low-x pro
esses fa
torise into a virtual photon 
u
tuation to a hadroni
 system

at large distan
es from the proton target, whi
h is followed by a brief intera
tion with the target

and subsequent hadroni
 �nal state formation over a longer period. The simplest 
u
tuation,

whi
h dominates for systems with small transverse size, is a quark{antiquark state whi
h forms

a 
olour-triplet dipole. This view is attra
tive for des
ribing in
lusive DIS at low x as well as

suitable for ve
tor meson produ
tion and di�ra
tive pro
esses. It has been su

essfully used and

developed mu
h further in re
ent years, as is reviewed in [12℄.

4

This is reminis
ent of a situation about 100 years ago before Plan
k su

essfully solved the bla
k-

body radiation problem bridging the gap between Wien's law and the Rayleigh{Jeans formula.

In analogy to the ultraviolet 
atastrophe, i.e. the divergen
e of the Rayleigh{Jeans law at small

wavelengths, the proton stru
ture fun
tion F

2


annot grow inde�nitely as x approa
hes zero.
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1. The domain of perturbative QCD with small-size 
onstituents whi
h are dis-

tributed in a hadron with rather low density (the region below the solid line

in Fig. 1.2.3). Rea
ting partons are resolved with a resolution determined as

�r � 1=Q .

2. The QCD domain of high parton density [20℄ but small 
oupling, where the den-

sity is too large to use the established perturbative QCD methods (the region

above the solid line). Theoreti
al studies suggest that the size of the partons in

this region is e�e
tively determined by an x dependent resolution s
ale, Q

S

(x):

�r � 1=Q

S

(x) [21℄.

3. The non-perturbative QCD domain, in whi
h the QCD 
oupling �

s

is large, Regge

theory applies and the 
on�nement of quarks and gluons o

urs. New theoreti
al

methods must be developed to explore this region (left of the dash-dotted line).

A

ording to [16, 22℄ the HERA data suggest the existen
e of the high-density

QCD domain in whi
h a new s
aling law for the virtual photon{proton 
ross se
tion

may apply [23℄. However, the HERA data 
an also be des
ribed without su
h an

assumption [16, 24℄. At THERA, su
h investigations 
an be performed at larger Q

2

for a given x, i.e. more safely inside the region of small �

s

. Thus the extension of the

kinemati
 range is 
ru
ial to the distin
tion and analysis of these states of matter.

It is well known that in the short-distan
e limit (i.e. in the perturbative QCD

domain), quarks and gluons are the proper degrees of freedom of the QCD Lagrangian.

To des
ribe the transition from short to long distan
es, however, one needs to 
onsider

degrees of freedom beyond quarks and gluons. Approa
hes based on 
olour dipole

formation as the �rst stage in this transition are promising.

Understanding the 
on�nement of quarks and gluons is still a 
hallenge to theorists.

Deep inelasti
 s
attering provides two approa
hes to study this phenomenon. Firstly,

α  1  S

α < 1
S

α < 1
S

hdQCD

pQCD

c
o
n
f
i
n
e
m
e
n
t

THERA

HERA

Q 
2

Q ~~1 GeV2 2

−3

−4

10

10

10
−5

0

x
Figure 1.2.3: Snapshots of the proton 
on-

stituents (full dots) taken with di�erent

resolution (�r � 1=Q) at di�erent values

of x. The solid line shows the estimated

position of the transition from the pertur-

bative region to the high-density phase of

QCD (hdQCD). The resolution s
ale di-

minishes with Q

2

in the pQCD region but

with x in the hdQCD region. The verti
al

dash-dotted line delimits the 
on�nement

region. The dashed lines and the 
orre-

sponding arrows indi
ate the HERA and

THERA measurement ranges. The obser-

vation of signatures allowing the identi�-


ation of the various regions is a 
hallenge

for THERA.
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the experimental data at high energies suggest some properties of 
on�nement, su
h

as fa
torisation, the spa
e-time pi
ture or the quark model. These hint at the e�e
tive

degrees of freedom and at whi
h type of e�e
tive Lagrangian may be used for develop-

ing a mi
ros
opi
 theory at high energies. Se
ondly, DIS data allow the mat
hing of

perturbative and non-perturbative QCD domains to be studied by investigating low-

Q

2

virtual-photon proton s
attering. Clearly, a solution to the 
on�nement problem of

hadrons has fundamental impli
ations.

1.2.1.2 Ve
tor-meson produ
tion

Investigations of ve
tor meson produ
tion at HERA have provided insights into the dy-

nami
s of both soft and hard di�ra
tive pro
esses [25℄ (for a review see [26℄). The high


ux of quasi-real photons from the ele
tron beam permitted detailed measurements of

both elasti
 and proton-disso
iative photoprodu
tion of �

0

, !, �, J= , and � mesons.

Power-law s
aling with the photon{proton 
entre-of-mass energy, W , was observed, as

is illustrated by Fig. 1.2.4. The steep energy dependen
e measured for J= mesons

inspired a number of theoreti
al approa
hes based on perturbative QCD [27{29℄.

In the theory of light ve
tor mesons, the photon virtuality [15, 31{34℄ and the

momentum transferred to the proton [35{38℄ were introdu
ed as hard s
ales. These


al
ulations demonstrated remarkable sensitivity to the gluon density, sin
e the 
ross

se
tions were shown to be proportional to (xg)

2

. With large THERA data samples,
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Figure 1.2.4: Energy dependen
e of the

total 
p 
ross se
tion and the elas-

ti
 ve
tor meson photoprodu
tion 
ross

se
tions for �

0

, !, �, J= , and �

mesons. Here W is the photon{proton


entre-of-mass energy. The plot is re-

produ
ed from [30℄. Sin
e the pro-

du
tion 
ross se
tion of heavy ve
tor

mesons is proportional to (xg)

2

, mea-

surements in the THERA range of W

up to 1TeV may be sensitive to satu-

ration.
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overing a variety of ve
tor meson spe
ies, remaining theoreti
al un
ertainties 
an be

ta
kled, su
h that elasti
 ve
tor meson produ
tion 
ould be
ome a 
ompetitive means

of extra
ting the gluon density. Of parti
ular interest is the question whether the rise of

the J= 
ross se
tion towards large W (Fig. 1.2.4) is tamed, for example by unitarity

e�e
ts, or indeed persists [24℄. Be
ause of the enlarged 
ross se
tion and W range,

the investigation of � meson produ
tion [39, 40℄ will be
ome an important topi
 at

THERA.

Whereas perturbative QCD is appli
able where hard s
ales are present, long-range

strong-intera
tion dynami
s apply to the forward produ
tion of light ve
tor mesons at

low Q

2

. The transition between these two regimes is studied by s
anning Q

2

or the

square of the four-momentum transfer at the proton vertex, t, allowing 
omparisons

to hadroni
 intera
tions. Of parti
ular interest is the possibility of determining the

transverse intera
tion size whi
h may grow with energy [16, 24, 41℄, as given by the

slope of the Pomeron traje
tory, �

0

. Due to the weakness of the energy dependen
e in

su
h long-distan
e pro
esses, the extension of the energy rea
h is essential to provide

sensitivity to �

0

.

The programme of ve
tor meson measurements will bene�t not only from the ex-

tended kinemati
 rea
h but as well from the improved 
overage of the THERA dete
tor

at small angles and from tagging systems in both the proton and ele
tron beam dire
-

tions, designed with the bene�t of the experien
e obtained at HERA.

1.2.1.3 Hard di�ra
tive s
attering

A striking result at HERA has been the abundan
e of di�ra
tive pro
esses of the type

ep ! eXp [42, 43℄ in DIS, where the proton remains inta
t with only a small loss in

momentum. Deep inelasti
 s
attering at low x thus be
ame, rather unexpe
tedly, an

important pro
ess for the understanding of one of the oldest puzzles of high energy

physi
s, the nature of di�ra
tion [44℄. The me
hanism responsible for di�ra
tion re-

mains unsettled, and its investigation will pro�t enormously from the extended phase

spa
e available at THERA. Sin
e total, elasti
 and di�ra
tive 
ross se
tions are 
losely

related via the opti
al theorem, it is 
lear that a 
orre
t des
ription of di�ra
tive pro-


esses must be an integral part of any 
onsistent theory of low-x physi
s [45{47℄.

The di�ra
tive 
ontribution to F

2

has been measured in the form of a stru
ture

fun
tion F

D(3)

2

(x

IP

; �; Q

2

). Here, as illustrated in Fig. 1.2.5a, x

IP

is the fra
tional proton

longitudinal momentum loss and � = x=x

IP

is the fra
tion of the ex
hanged longitudinal

momentum 
arried by the quark 
oupling to the virtual photon. Figures 1.2.5b,
 show

the kinemati
 regions in whi
h di�ra
tive pro
esses 
an be measured at HERA and at

THERA. An extension of approximately an order of magnitude towards lower � or x

IP

is obtained at �xed Q

2

.

The hard s
ale supplied by the photon virtuality has en
ouraged perturbative QCD

approa
hes to di�ra
tive DIS. A QCD fa
torisation theorem has re
ently been proven

for the pro
ess [48℄, implying that di�ra
tive parton densities at �xed x

IP


an be de�ned,

whi
h should des
ribe both the s
aling violations of F

D(3)

2

and ex
lusive �nal state


ross se
tions su
h as those for high-p

t

jet produ
tion. HERA data have shown that
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Figure 1.2.5: (a) Feynman diagram of di�ra
tive ep s
attering, with the kinemati
 quan-

tities indi
ated in blue. (b,
) The a

essible kinemati
 plane in � and Q

2

for di�ra
tive

DIS at two di�erent values of x

IP

. The solid red lines show the limits imposed by the 
uts

0:001 < y < 1 and �

e

< 179:5

Æ

for THERA, with ele
trons of 250GeV and protons of

920GeV. The dashed blue lines show the kinemati
 limit at HERA.

0

0.05

0.1

0.15
Q2=7.5,β=0.001

x IP
 F

2D
(3

)

Q2=18,β=0.001 Q2=75,β=0.001 Q2=200,β=0.001

THERA coverage

H1 DGLAP Fit
H1 Data

0

0.05

0.1
Q2=7.5,β=0.01 Q2=18,β=0.01 Q2=75,β=0.01 Q2=200,β=0.01

0

0.05

0.1
Q2=7.5,β=0.1 Q2=18,β=0.1 Q2=75,β=0.1 Q2=200,β=0.1

0

0.05

0.1

10
-4

10
-1

Q2=7.5,β=0.9

10
-4

10
-1

Q2=18,β=0.9

10
-4

10
-1

Q2=75,β=0.9

10
-4

10
-1

Q2=200,β=0.9

xIP

Figure 1.2.6: Illustration of the kinemati
 
overage for measurements of F

D(3)

2

(x

IP

; �;Q

2

)

at HERA and at THERA. The a

essible x

IP

range is shown for sele
ted values of � and

Q

2

. Appropriate HERA data points from [42℄ are also shown. The 
urves are extrapola-

tions of QCD �ts to data with � < 0:65 from [42℄. The shaded areas show the region of

extended 
overage at THERA ( 920GeV protons, 250GeV ele
trons).
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the di�ra
tive parton densities are dominated by gluons at large � [49℄. The region

� . 0:05 remains poorly explored at HERA.

In the proton rest-frame approa
h, di�ra
tive DIS is 
onsidered as the elasti
 s
at-

tering of the proton with q�q and q�qg partoni
 
u
tuations of the virtual photon.

The s
attering has been modelled either in terms of multiple intera
tions in the non-

perturbative 
olour �eld of the proton [50, 51℄ or in terms of the ex
hange of a pair of

perturbative gluons [22,52,53℄. THERA data in an extended phase spa
e will be very

powerful in distinguishing between these di�erent approa
hes.

From 
ombined analyses of di�ra
tive and in
lusive 


�

p 
ross se
tions, it has been

suggested that the regime of parton saturation, expe
ted as the unitarity limit is ap-

proa
hed, is already rea
hed at HERA [22℄. Di�ra
tive data are 
ru
ial for this sort

of analysis, sin
e for �xed x, saturation is expe
ted to set in at larger Q

2

values in

the di�ra
tive than in the in
lusive 
ross se
tion. Although the presen
e or absen
e of

saturation e�e
ts in di�ra
tion at HERA is hotly debated, it is likely that the e�e
t

will be 
learly visible in the extended low-x range at THERA.

Figure 1.2.6 indi
ates the regions in whi
h measurements of F

D(3)

2

will be possible at

THERA, together with sele
ted data points from HERA. Extrapolations of a QCD �t

to HERA data [42℄ based on DGLAP evolution of the di�ra
tive parton distributions

are also shown. THERA measurements at lower � will allow the pre
ise determination
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Figure 1.2.7: Event yields per unit luminosity for the pro
ess ep ! eXp after apply-

ing the quoted sele
tion 
riteria at THERA ( 920GeV protons, 250GeV ele
trons) and

HERA. The yields are shown as a fun
tion of the mass M

X

and are based on an ad ho


extrapolation of a QCD �t to HERA data [42℄.
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of di�ra
tive parton densities in the region of low momentum fra
tion. The extended

range in x

IP

will allow an improved determination of the energy dependen
e of di�ra
-

tive DIS from the 
ombined HERA and THERA data. This will lead to detailed tests

of the hypothesis of `Regge' fa
torisation of the x

IP

dependen
e from the Q

2

and �

dependen
es, as would be expe
ted for a universal pomeron ex
hange [54℄.

Further tests of QCD models of di�ra
tion and an improved understanding of the

gluoni
 degrees of freedom are a
hievable by studies of hadroni
 �nal state 
ross se
tions

involving additional hard s
ales due to the presen
e of 
harm or high-p

t

jets. At HERA,

the limited rea
h in M

X

(see Fig. 1.2.5a) seriously restri
ts the phase spa
e for 
harm

and dijet produ
tion and implies that these �nal states 
an only be studied at rather

large x

IP

. As 
an be seen from Fig. 1.2.7, the values of M

X

rea
hed at THERA for

x

IP

< 0:05 are larger by a fa
tor of around 3 than in the HERA 
ase.

In di�ra
tive events the proton 
an remain inta
t or disso
iate into a low-mass

hadroni
 system. In this sense di�ra
tive events are dire
tly sensitive to the 
ondi-

tions required to preserve the hadroni
 bound state. A detailed 
omparative study of

di�ra
tive events with and without proton disso
iation 
ould reveal information about


on�nement. Su
h an analysis 
an be performed if the outgoing proton beam-line is

instrumented with dete
tors to tag the �nal-state protons (leading-proton spe
trome-

ter).

1.2.2 Proton stru
ture and quantum 
hromodynami
s

Deep-inelasti
 s
attering has been 
ru
ial in the development of Quantum Chromo-

dynami
s sin
e the observation of the logarithmi
 pattern of s
aling violations in

F

2

(x;Q

2

). Over the past de
ades, pre
ision measurements of stru
ture fun
tions and

studies of �nal state 
hara
teristi
s have deepened the understanding of QCD. With

the a

ess to very low values of Bjorken x in the deep inelasti
 region, the exploration

of extremely high Q

2

values at high luminosity, and an extension of the transverse

momentum phase spa
e, THERA promises new insights into the stru
ture of QCD.

1.2.2.1 Perturbative QCD and stru
ture fun
tions

The measurements of stru
ture fun
tions in DIS have been a

ompanied by remarkable

progress in QCD 
al
ulations. Both the splitting fun
tions, to se
ond order in �

s

, and

the 
oeÆ
ient fun
tions, to order �

3

s

, are 
al
ulated [55℄, and the NNLO 
al
ulation

of the splitting fun
tions is in progress. The 
urrent measurements of F

2

(x;Q

2

) in

the kinemati
 range of HERA are very well des
ribed by the twist-2 evolution equa-

tions, even in a range in whi
h signi�
ant higher-twist e�e
ts and spe
i�
 higher-order

small-x e�e
ts were previously expe
ted. The phenomenologi
al su

ess of joint de-

terminations of the 
oupling 
onstant �

s

and the gluon distribution xg, together with

the quark distributions, is impressive [4, 56℄ and has led to pre
ise measurements of

these quantities. Parton densities to NLO have been extra
ted over a wide kinemati


range from HERA F

2

and other 
ross se
tion data [57{59℄. With data in the kinemati


domain of THERA, both at lower x and larger Q

2

, the pre
ision of these quantities
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will further improve signi�
antly (see below).

As was dis
ussed above, an important question is how the low-x growth in F

2

as

observed at HERA is tamed to satisfy the unitarity bound. Higher-order 
orre
tions

to the twist-2 terms diminish the growth but do not lead to a saturation as x ! 0.

One 
an expe
t that unitarity is restored by higher-twist 
ontributions. First studies

of these e�e
ts have been performed [60, 61℄ in approa
hes based on the light-
one

expansion. Numeri
al results on the slope �F

2

=� logQ

2

for spe
i�
 
hoi
es of twist-4

s
reening radii R are depi
ted in Fig. 1.2.8, showing that one may indeed probe these

e�e
ts in the kinemati
 domain of THERA, x & 10

�6

(see also [62℄). Rather large

higher twist e�e
ts [63,64℄ may be seen in measurements of the longitudinal stru
ture

fun
tion F

L

.

The apparent su

ess of the 
omplete �xed-order 
al
ulations in des
ribing F

2

in

the small-x domain is puzzling theoreti
ally. Starting from the BFKL approximation

and resumming the most singular pie
es, large 
orre
tions were predi
ted both for the

anomalous dimensions [65℄ and for the 
oeÆ
ient fun
tions [66℄. Re
ently, large next-

to-leading order resummed gluon anomalous dimensions were found [67℄, however with

opposite sign. This led to the 
on
lusion that they have to be stabilised by resumming

even higher orders [68{70℄. Formally, sub-leading terms were found to be quantitatively

as important as the resummed `leading' terms due to the strong rise of the gluon and

sea quark densities in the small-x domain. This requires the knowledge of the 
oeÆ
ient

fun
tions also for the range of medium values of x [68,70℄, where resummations are not

possible. More theoreti
al work is needed to further develop perturbative QCD. This

will be stimulated by a 
ontinuing experimental programme and data in an extended

range.

Ultimately, in the regime of extremely low values of x and small Q

2

, one expe
ts

that the light-
one expansion does not apply anymore. For this kinemati
 domain new

theoreti
al 
on
epts have still to be developed.
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1.2.2.2 Forward jet produ
tion

In order to understand strong-intera
tion dynami
s, in
lusive 
ross se
tion measure-

ments and their interpretations have to be 
omplemented by the investigation of the

hadroni
 �nal state. At HERA, the des
ription of details of the �nal states, for example

in forward jet produ
tion at low x, requires to 
onsider resolved photon stru
ture e�e
ts

in addition to the pure DGLAP evolution. However, an extension of the phase spa
e as

provided by THERA is ne
essary to distinguish between a DGLAP-based 
al
ulation

with an additional resolved virtual photon 
ontribution, whi
h mimi
s non-k

t

-ordered

(i.e. non-pure-DGLAP) 
ontributions at present energies, and small-x evolution as

modelled by the BFKL [65℄ or CCFM [71℄ equations. The CCFM evolution equation,

based on the prin
iple of 
olour 
oheren
e, is equivalent to BFKL for x ! 0 and

reprodu
es the DGLAP equation for large x.
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Figure 1.2.9: Forward-jet 
ross se
tion as a

fun
tion of x in di�erent models for 0:5 <

p

2

t

=Q

2

< 2 and a minimum polar jet angle of

1

Æ

. The measurements at HERA are limited

to x & 2� 10

�3

.
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Figure 1.2.10: Forward-jet 
ross se
tion as

a fun
tion of x obtained from CCFM for

0:5 < p

2

t

=Q

2

< 2, for di�erent values of the

minimum jet angle.

At THERA the di�eren
es between these approa
hes be
ome striking. In Fig. 1.2.9

the 
ross se
tion for forward jet produ
tion [72℄ is shown as a fun
tion of x. Whereas the

measurement at HERA is limited to x & 2� 10

�3

, the available x range at THERA is

extended by one order of magnitude towards lower x. At THERA the CCFM approa
h

predi
ts a mu
h larger 
ross se
tion than the model with resolved virtual photon 
on-

tributions added, giving the unique opportunity to identify a new QCD regime, whi
h


an only be des
ribed by new small-x evolution equations. This not only allows us
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to distinguish between the di�erent approa
hes, but also to study details of the QCD


as
ade, whi
h at small x in
ludes unintegrated parton densities [46℄. THERA will be

the only pla
e where these parton densities 
an be measured, and where the small-x

parton dynami
s 
an be 
learly studied.

In Fig. 1.2.10 the forward jet 
ross se
tion is shown for di�erent minimal jet angles.

On the experimental side this requires 
omplete a

eptan
e both in the ele
tron and

proton dire
tion down to the lowest possible angles. From the size of the 
ross se
tion

d�=dx one would like to rea
h at least � � 3

Æ

for the forward jet measurement, desirably

even � � 1

Æ

. The luminosity required for su
h measurements is of the order of 10 pb

�1

.

1.2.2.3 Measurement of the strong 
oupling 
onstant �

s

The a

urate determination of �

s

has been a 
entral issue in many high-energy experi-

ments whi
h revealed a logarithmi
 dependen
e of �

s

with Q

2

, thereby 
on�rming the

property of asymptoti
 freedom of QCD (for a review see [73℄). A pre
ise measurement

of this 
oupling 
onstant is very important for the 
al
ulation of strong intera
tion

pro
esses and for uni�ed �eld theories [74℄. In
lusive deep inelasti
 s
attering is parti
-

ularly suitable to determine �

s

(Q

2

) be
ause the predi
tions of QCD at large spa
e-like

momentum transfer 
an be derived in a rigorous way, based on the operator produ
t ex-

pansion, and are free of additional assumptions like quark{hadron duality, assumptions


on
erning the behaviour of quark and gluon 
ondensates, or assumptions regarding

the absen
e or parametrisation of power 
orre
tions. The pre
ision of QCD predi
tions

in in
lusive DIS is only limited by the present ability to evaluate perturbative 
orre
-

tions to suÆ
iently high orders. DIS measurements are therefore a unique opportunity

to test QCD in a stringent way whi
h is superior to e

+

e

�

annihilation and pp 
ollisions.

Present DIS measurements of �

s

[4, 56, 75℄ have about the a

ura
y of and are


onsistent with the world-averaged determinations of �

s

. Improving these analyses is a


hallenge to the experimental pre
ision and the theoreti
al 
al
ulations. The extension

of the (x;Q

2

) range and the envisaged 
ross se
tion un
ertainties at THERA of 1{3%

lead to an estimated error [76℄ on �

s

(M

2

Z

) of about 0:3{0:5%, whi
h is smaller than

the 
urrent theoreti
al un
ertainty [77℄ dominated by the 
hoi
e of the renormalisation

s
ale.

Redu
tion of the theoreti
al un
ertainty requires the 
al
ulation of the 
omplete 3-

loop anomalous dimensions needed for NNLO QCD analyses. First results for a series

of �xed moments have been obtained already [78℄ on the way to the 
omplete solution.

Based on these results, numeri
al investigations have been performed on the 3-loop

splitting fun
tions [77, 79℄.

Sin
e THERA extends the Q

2

range and provides p

T

values up to almost 100GeV

for jet produ
tion [80℄, the predi
tions of perturbative QCD be
ome more reliable.

Thus measurements of dijet 
ross se
tions promise to yield 
omplementary and more

a

urate information on �

s

and the gluon distribution than has presently been a
hieved

at HERA [81,82℄.
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1.2.2.4 Heavy-
avour physi
s

In the last years, heavy-
avour produ
tion in ep s
attering has be
ome a subje
t of

intense resear
h in perturbative QCD (see [83, 84℄ and referen
es therein).

Heavy quarks are produ
ed 
opiously in ep 
ollisions. The total 
harm and beauty


ross se
tions at HERA are of the order of 1�b and 10 nb, respe
tively. Charm pro-

du
tion at HERA has been studied by the H1 and ZEUS 
ollaborations in both the

photoprodu
tion and DIS regimes [10,85℄. General agreement with pQCD expe
tations

was observed in the DIS 
ase, while a des
ription of the 
harm photoprodu
tion 
ross

se
tions is more problemati
 for present pQCD 
al
ulations. The �rst measured beauty

photoprodu
tion 
ross se
tions at HERA [86℄ lie above the �xed-order next-to-leading

order (NLO) QCD predi
tions [87℄. No measurements of beauty produ
tion in the DIS

regime at HERA have been performed so far.

An in
rease of the 
entre-of-mass energy of ep 
ollisions from about 300GeV at

HERA to � 1TeV at THERA will result in an in
rease of the total 
harm and beauty

produ
tion 
ross se
tions by fa
tors � 3 and � 5, respe
tively [88, 89℄.
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Figure 1.2.11: The 
ontribution of photon{gluon fusion to the di�erential 
ross se
tions

d�=dp

?

for (a) 
harm and (b) beauty produ
tion 
al
ulated in NLO QCD for Q

2

< 1GeV

2

.

The solid and dashed violet 
urves show the predi
tions for THERA operation with an

ele
tron energy of 250GeV and 400GeV, respe
tively, and E

p

= 920GeV. The predi
tions

for the HERA 
ase are indi
ated by the dash-dotted blue 
urves.

Figure 1.2.11 
ompares the 
ontributions of photon{gluon fusion to the di�erential


ross se
tions d�=dp


;b

?

(p


;b

?

denoting the quark transverse momentum) at HERA and

THERA, 
al
ulated within NLO QCD [87℄ forQ

2

< 1GeV

2

. The di�eren
e between the

heavy quark produ
tion 
ross se
tions at THERA and HERA in
reases with in
reasing

p


;b

?

, thereby 
reating the opportunity to measure 
harm and beauty quarks at THERA

in a wider transverse momentum range. Su
h measurements will provide a solid basis

for testing the �xed-order, resummed, and k

t

-fa
torisation [90℄ pQCD 
al
ulations.
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Figure 1.2.12: The di�erential 
ross se
tions d�=d log

10

x

obs




for (a) 
harm and (b) beauty

dijet photoprodu
tion as 
al
ulated in LO with the Monte Carlo generator HERWIG. The


ross se
tions are shown for THERA, for a proton beam energy of 920GeV and ele
trons

with 250GeV (solid magenta) and 400GeV (dashed magenta), and for HERA (dashed

blue).

The re
onstru
tion of two jets in heavy-quark photoprodu
tion events provides an

opportunity to study the gluon and heavy-quark stru
ture of the photon [10, 85℄. The

fra
tion of the photon energy 
ontributing to the dijet photoprodu
tion,

x

obs




=

P

jet1;2

(E

jet

T

e

��

jet

)

2E




; (1.2.2)

has been found a useful observable for the investigation of the photon stru
ture fun
-

tion. Here, E

jet

T

and �

jet

are the jet transverse energy and pseudorapidity, respe
tively,

and the summation is over the two jets with highest E

jet

T

within the a

epted �

jet

range. Figure 1.2.12 
ompares d�=d log

10

x

obs




for 
harm and beauty photoprodu
tion

(Q

2

< 1GeV

2

) at HERA and THERA. The 
ross se
tions have been 
al
ulated in LO

with the Monte Carlo generator HERWIG [91℄. The di�eren
e between the heavy-

quark dijet photoprodu
tion 
ross se
tions at THERA and HERA in
reases towards

smaller x

obs




values. The gluon and heavy quark stru
ture of the photon 
an be studied

only for x

obs




& 0:1 at HERA. The transition to the THERA energy regime will provide

an opportunity to probe the stru
ture down to at least x

obs




= 10

�2

[88℄. The gluon

and heavy quark stru
ture of the photon at THERA will be measured at rather large

s
ale values stemming from the high E

T

values of two re
onstru
ted jets. Thus the

measurements will provide 
omplementary information to the results of future e

+

e

�

and 

 
olliders [88℄.
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Figure 1.2.13: The di�erential 
ross se
tions for 
harm (thi
k 
urves) and beauty (thin


urves) produ
tion in neutral 
urrent DIS 
al
ulated in NLO QCD, (a) d�=d log

10

Q

2

and

(b) d�=d log

10

x. The 
ross se
tions at THERA (solid 
urves) and HERA (dashed 
urves)

are 
ompared.

The kinemati
 limits of DIS at THERA are one order of magnitude higher in Q

2

and one order smaller in x with respe
t to those at HERA. Figure 1.2.13 shows the dif-

ferential 
ross se
tions d�=d log

10

Q

2

and d�=d log

10

x for 
harm and beauty produ
tion

in neutral 
urrent (NC) DIS 
al
ulated with the NLO 
ode of [92℄. The THERA 
ross

se
tions are shifted towards smaller x values with respe
t to those at HERA. They are

signi�
antly above the HERA 
ross se
tions at all Q

2

. Thus THERA will open new

kinemati
 regions where the 
harm and beauty 
ontributions to the proton stru
ture

fun
tion, F




2

and F

b

2

, 
an be extra
ted [89℄. The measurement of 
harm produ
tion at

large Q

2

will provide an opportunity to test the resummed pQCD 
al
ulations whi
h

treat the 
harm quark as a massless parton [93℄. Charm produ
tion in the pro
ess

of photon{gluon fusion at low Q

2

values will serve for the determination of the gluon

stru
ture of the proton in the as yet unexplored kinemati
 range 10

�5

< x

g

< 10

�4

[89℄.

The theoreti
al des
ription of 
harm produ
tion in 
harged 
urrent (CC) DIS is


hallenging [94℄. The spe
ial interest in this pro
ess is 
aused by its sensitivity to

the proton strange-quark density whi
h is rather poorly known [95℄. However, no

measurement of CC 
harm produ
tion has been performed so far at HERA due to the

small signal 
ross se
tion (� 10 pb). A

ording to a HERWIG 
al
ulation, the 
ross

se
tions for both LO CC 
harm produ
tion pro
esses, W

+

s ! 
 and W

+

g ! 
�s, will

be more than 6 times larger at THERA than at HERA. The di�erential 
ross se
tions

d�=d log

10

Q

2

for CC 
harm produ
tion are shown in Fig. 1.2.14. The THERA 
ross

se
tions are shifted towards larger Q

2

with respe
t to those at HERA. They are one

order of magnitude larger than the HERA 
ross se
tions at large Q

2

values, thereby


reating the opportunity to study 
harm produ
tion in CC DIS at THERA [89℄.
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Figure 1.2.14: The di�erential 
ross se
tions d�=d log

10

Q

2

for 
harm produ
tion in


harged 
urrent DIS, (a) from the strange sea and (b) from boson{gluon fusion, 
al
ulated

with the LO Monte Carlo generator HERWIG. The 
ross se
tions are shown for THERA

for a proton beam energy of 920GeV and ele
trons with 250GeV (solid magenta) and

400GeV (dashed magenta), and for HERA (dashed blue).

In 
on
lusion, studies of 
harm and beauty produ
tion at THERA will provide

unique new information about the proton and photon stru
tures in as yet unexplored

kinemati
 ranges.

1.2.2.5 Ele
troweak stru
ture fun
tions

In the THERA range of very high Q

2

> M

2

Z

, the NC 
ross se
tion re
eives 
omparable


ontributions from the ex
hange of photons, of Z bosons and from their interferen
e.

This is illustrated in Fig.1.2.15 showing the redu
ed NC 
ross se
tion, �

r

= �

NC

=Y

+

,

de�ned by the relation

�

NC

=

d

2

�

�

NC

dx dQ

2

Q

4

x

2��

2

= Y

+

F

2

�

+ Y

�

xF

3

�

(1.2.3)

with Y

�

= (1 � (1 � y)

2

) and the �ne stru
ture 
onstant �. Due to the Z ex
hange


ontribution, a new stru
ture fun
tion 
ombination xF

3

o

urs in NC [96, 97℄ (for a


omprehensive review see [98℄), whi
h in the QPM measures a 
ombination of the u and

d valen
e quark distributions q

v

= q�q. Therefore deep inelasti
 NC s
attering at very

high Q

2

is sensitive to the quark 
avours, in 
ontrast to low Q

2

, where the stru
ture

fun
tion F

2

measures only the weighted sum

P

q

Q

2

q

(q + q) of quark and anti-quark

distributions.
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Similarly, in CC s
attering, the double di�erential 
ross se
tion is given by

d

2

�

�

CC

dxdy

=

G

2

F

2�

�

�

M

2

W

Q

2

+M

2

W

�

2

� s �

1� �

2

� [Y

+

W

�

2

� Y

�

xW

�

3

℄ ; (1.2.4)

where M

W

is the CC propagator mass and G

F

the Fermi 
onstant. For a given beam


harge, the 
ross se
tion 
ontains two stru
ture fun
tions whi
h, in the QPM, are given

by the following sums over the u- and d-type parton distributions:

W

+(�)

2

= 2x

X

(q

d(u)

+ �q

u(d)

)

xW

+(�)

3

= 2x

X

(q

u(d)

� �q

d(u)

) : (1.2.5)

The 
ross se
tion is proportional to s (whi
h at THERA is equivalent to a beam en-

ergy of about 10

3

TeV in a neutrino �xed-target experiment). Combining NC and CC

Figure 1.2.15: Simulation of a measurement of the redu
ed NC DIS 
ross se
tion at

THERA in unpolarised ele
tron s
attering, for an integrated luminosity of 200 pb

�1

. The

error bars are a 
onvolution of statisti
al and estimated systemati
 un
ertainties. The


urves represent the fra
tion of the one-photon ex
hange (red, top), of the 
Z inter-

feren
e (green, middle) and of the pure Z ex
hange (blue, bottom). Towards very high

Q

2

, depending on the lepton beam 
harge and polarisation, the Z ex
hange 
ontributions

be
ome in
reasingly important.
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e

�

p 
ross se
tions for di�erent lepton polarisations, a 
omplete unfolding [99℄ of the

up and down quark and anti-quark distributions 
an be envisaged at THERA, with

mu
h higher a

ura
y than at HERA due to the extended Q

2

range whi
h enhan
es the

ele
troweak 
ontributions to the 
ross se
tion. The approximate symmetry of the ele
-

tron and proton beam energies furthermore allows a

ess to the up and down valen
e

quark distributions up to very large x. This is of advantage over the standard method

to a

ess d

v

at large x whi
h relies on a 
omparison of proton and neutron stru
ture

fun
tions and thus is subje
t to un
ertain nu
lear binding 
orre
tions, see [100℄. The


ombination with the results of future high-statisti
s neutrino experiments [101℄ will

permit important, 
avour dependent tests of QCD.

The 
overage of the full x range from about 0:005 to 1 in the region of high Q

2

at THERA is also essential for testing rigorous theoreti
al predi
tions in CC s
atter-

ing [102℄, su
h as the Adler sum rule,

R

1

0

(W

+

2

�W

�

2

)dx=x = 2, the Bjorken sum rule,

R

1

0

(W

+

1

�W

�

1

)dx = 1, and the Gross{Llewellyn-Smith sum rule,

R

1

0

(W

+

3

+W

�

3

)dx =

6. While the Adler sum rule holds independently of QCD, the two latter relations test

QCD and are subje
t to higher-twist 
orre
tions whi
h are negligible in the very high

Q

2

range of THERA.

Various measurements of ele
troweak quantities 
an be performed at THERA, e.g.

of the light-quark 
ouplings, of the gauge boson masses in the spa
e-like region and

of parity violation at very high Q

2

via polarisation asymmetries in NC s
attering,

similarly to the pioneering experiment [103℄. Utilising the high degree of lepton-beam

polarisation at TESLA, one 
an sear
h with mu
h in
reased sensitivity for the existen
e

of right handed 
urrents in the new energy range whi
h would prevent the CC 
ross

se
tion �

�

from vanishing at �! �1 (
f. eq. 1.2.4). Su
h a measurement at THERA

for a luminosity of 100 pb

�1

is illustrated in Fig. 1.2.16 for

p

s = 1TeV.

Figure 1.2.16: Sear
h for

right-handed 
urrents in CC

s
attering at THERA using a

measurement of the ele
tron{

proton CC 
ross se
tion as a

fun
tion of the ele
tron beam

polarisation, �. This simu-

lation assumes a total inte-

grated luminosity of 100 pb

�1

distributed over four measure-

ments at di�erent �.
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The extension towards the ele
troweak region of very high Q

2

� 10

5

GeV

2

and the


overage of the full x range make THERA an ex
ellent fa
ility for the exploration of the

partoni
 nu
leon stru
ture and the test of the ele
troweak theory. If new intera
tions

and parti
les will be found in the TeV range of energy, THERA will not only explore

these but as well be 
ru
ial in a

urately determining the parton distributions whi
h

have to be known for the interpretation of the new phenomena.

1.2.3 Sear
hes for new parti
les or phenomena

1.2.3.1 Leptoquarks and squarks

The ep 
ollider THERA, providing both baryoni
 and leptoni
 quantum numbers in

the initial state, naturally o�ers the possibility to sear
h for new bosons possessing


ouplings to an ele
tron{quark pair. Su
h parti
les 
ould be squarks in supersymmetry

with R-parity violation ( 6R

p

), or leptoquark (LQ) bosons [104℄ whi
h appear in various

unifying theories beyond the Standard Model (SM).
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Figure 1.2.17: (a) Mass-dependent upper bounds on the LQ 
oupling � as expe
ted at

THERA (lower solid red 
urve, E

e

= 250GeV, E

p

= 920GeV, 100 pb

�1

of e

�

p data),

HERA (upper solid red 
urve, 2�400 pb

�1

of e

�

p data), TESLA (E

e

= 250GeV, 100 fb

�1

of ee, e
 or 

 data), Tevatron (upper dotted 
urve, 10 fb

�1

) and LHC (lower dotted


urve,

p

s = 14TeV, 100 fb

�1

). Upper limits as obtained from a global �t of various

existing data sets [104℄ are also shown by the solid yellow 
urve. (b) Typi
al expe
ted

mass-dependent sensitivities on the bran
hing ratio �(LQ! eq) of a LQ de
aying to eq,

at THERA for two di�erent values of the lepton beam energy and at LHC; the 
oloured

regions (the domains above the dashed red 
urves) would be probed by THERA (LHC).

Leptoquarks (or 6R

p

squarks) with masses up to the kinemati
 limit,

p

s, 
ould be

singly produ
ed as s-
hannel resonan
es by the fusion of the in
oming ele
tron with
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a quark 
oming from the proton, with largest 
ross se
tion when a valen
e quark in

the proton parti
ipates in the fusion. For LQs de
aying into an ele
tron and a quark,

the �nal state is similar to that of high-Q

2

NC DIS. For masses above the kinemati


limit, LQ ex
hange 
an be parameterised by a 
onta
t intera
tion and 
ould a�e
t the

measured high-Q

2

NC DIS 
ross se
tion.

The sensitivity to LQs is dis
ussed here either in the stri
t 
ontext of the BRW

phenomenologi
al ansatz [105℄, where the de
ay bran
hing ratios are �xed by the model,

or in the 
ontext of generi
 models allowing for arbitrary bran
hing ratios.

For one of the s
alar LQs des
ribed by the BRW model, with fermion number F = 2

(i.e. 
oupling to an e

�

and a valen
e quark), the expe
ted THERA sensitivity on the

Yukawa 
oupling � at the LQ-e-q vertex is illustrated in Fig. 1.2.17a as a fun
tion of

the LQ mass, and 
ompared to that of HERA-II, TESLA and hadron 
olliders [106℄.

THERA will improve the bounds expe
ted from the full data sample of HERA by

typi
ally one order of magnitude, and its sensitivity will be signi�
antly better than

that of TESLA in the mass range 0:5{1TeV, for a lepton beam energy of 250GeV.

However, the sensitivity of the LHC to pair-produ
ed LQs should extend up to LQ

masses of � 2TeV, independently of �. The LHC will thus probe the mass domain

where resonant LQ produ
tion 
ould be possible at THERA. This statement remains

valid in `generi
' models, where the bran
hing ratio �(LQ ! eq) of the LQ to de
ay

into eq is not �xed but treated as a free parameter, as shown in Fig. 1.2.17b.
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Table 1.2.1: Dis
rimination between LQs with di�erent quantum numbers by using the

lepton beam 
harge (e

+

=e

�

) or e=p polarisation (P

e

, P

p

). The nomen
lature of [107℄ has

been used to label the di�erent s
alar LQ spe
ies des
ribed by the BRW model, in whi
h

the bran
hing ratio �

�

of the LQs is known.

If a LQ dire
tly a

essible at THERA is dis
overed elsewhere, THERA will be the

ideal ma
hine to disentangle the quantum numbers of this resonan
e and to study its

properties, as illustrated in table 1.2.1: the angular distribution of the �nal-state lepton

easily dis
riminates between a s
alar or ve
tor resonan
e; the fermion number is ob-

tained by 
omparing the signal 
ross se
tion in e

+

p and e

�

p 
ollisions; the polarisation

P

e

of the lepton beam determines the 
hirality stru
ture of the LQ 
oupling. In addi-

tion, the fa
t that a signal in the CC 
hannel 
ould also be observed provides another
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dis
riminating variable in LQ models where the bran
hing ratio �

�

= �(LQ ! �q)

is known. Further dis
rimination between LQs 
oupling to eu or ed would need e.g.

proton beam polarisation, P

p

[108℄.

Finally, THERA allows dire
t measurements of LQ 
ouplings in the range 10

�1

{10

�2

for given LQ bran
hing ratios. In 
ontrast, pp and pp 
olliders are only sensitive to

larger 
ouplings via lepton-pair produ
tion indu
ed by t-
hannel LQ ex
hange.

1.2.3.2 Conta
t intera
tions

The sensitivity of THERA to generi
 eeqq four-fermion 
onta
t intera
tions (CI) has

been studied in detail. Besides the ex
hange of very massive LQs, su
h CI terms 
an

be used to parameterise any new physi
s pro
ess (e.g. ex
hange of new bosons, 
om-

positeness) appearing at an energy s
ale above the 
entre-of-mass energy. At THERA,

eeqq four-fermion terms would interfere (
onstru
tively or destru
tively) with NC DIS

and thus a�e
t the measured NC DIS Q

2

distribution. Various CI models 
an be 
on-

sidered, depending on the 
hiral stru
ture of the new intera
tion and on the 
avours of

the involved quarks. CI models whi
h violate parity are already severely 
onstrained

by the pre
ise measurements of atomi
 parity violation. For models 
onserving parity,

s
ales up to � 18TeV 
ould be probed at THERA, extending 
onsiderably beyond the

existing bounds. The LHC 
ollider should be able to probe even larger s
ales. How-

ever, should an eeqq CI be within its rea
h, THERA would give deeper insights on

the 
hiral stru
ture of this new intera
tion by exploiting the lepton beam polarisation.

For general CI models involving all possible 
avour and 
hiral stru
tures, sear
hes at

THERA and LHC will be to a large extent 
omplementary.

1.2.3.3 Large extra dimensions

The t-
hannel ex
hange of Kaluza{Klein gravitons in models with large extra dimen-

sions [109℄ would also a�e
t the Q

2

distribution of the observed NC DIS events. Com-

pa
ti�
ation s
ales up to� 2:8TeV 
ould be probed at THERA. However, the existen
e

of extra dimensions 
orresponding to mu
h larger s
ales should be dete
ted by the anal-

ysis of dijet events at the LHC. It has been 
onje
tured that fermions with di�erent

gauge quantum numbers are lo
alised on di�erent `branes' in the full spa
e-time [110℄.

For a

essible 
ompa
ti�
ation s
ales, relevant and 
omplementary information on this

fermion lo
alisation 
ould be provided by TESLA and THERA, in 
ontrast to the LHC,

where the two-gluon initial state would dominate the 
ross se
tion.

1.2.3.4 Ex
ited leptons

The single produ
tion of ex
ited leptons (ele
trons, e

�

, and neutrinos, �

�

) at THERA


an pro
eed via the t-
hannel ex
hange of a gauge boson. Assuming an equal 
oupling,

f , of the e

�

e pair to U(1) and SU(2) bosons, the expe
ted sensitivity to f=� has

been studied as a fun
tion of the e

�

mass M

e

�

(here � denotes the 
ompositeness

s
ale [111℄). For f=� = 1=M

e

�

, ex
ited ele
trons 
ould be dete
ted up to masses of

� 1TeV at THERA with a luminosity of 200 pb

�1

and beam energies of 800GeV.
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A similar sensitivity is expe
ted for ex
ited neutrinos. This extends far beyond the


urrent bounds of HERA and LEP. Pair produ
tion of e

�

and �

�

at the LHC should

probe this mass domain independently of the unknown 
ouplings.

1.2.4 Resolving the partoni
 stru
ture of the photon

In high-energy pro
esses, the photon exhibits a \hadroni
 stru
ture". At low Bjorken

x, the photon stru
ture fun
tion F




2

(x;

^

Q

2

) is expe
ted to behave like the proton F

2

,

i.e. to in
rease towards lower x at suÆ
iently large

^

Q

2

, where

^

Q

2

is the s
ale used to

probe the quasi-real photon. Unique expe
tations for the photon are the logarithmi


rise of the hadroni
 stru
ture fun
tion with the s
ale,

^

Q

2

, and a large quark density

at large x. Observations of these phenomena are basi
 tests of QCD and essential to

understanding the stru
ture of the photon.

The ep 
ollider THERA o�ers the opportunity to study the partoni
 stru
ture of

the photon in terms of the variable x




, whi
h measures the fra
tion of the photon mo-

mentum parti
ipating in the hard intera
tion. At lowest order, x




is equal to unity for

`dire
t pro
ess' (Fig. 1.2.18a), whereas `resolved pro
esses' (Fig. 1.2.18b) are 
hara
-

terised by a smaller x




. THERA extends the kinemati
 range in x




by approximately

one order of magnitude towards smaller values with respe
t to existing 
olliders (HERA

and LEP) and signi�
antly in
reases the a

essible hard s
ale

^

Q

2

= p

2

T

, i.e. the square

of the parton transverse momenta (
orresponding to Q

2

in deep inelasti
 e
 s
attering).

a) b)

P

e+ e+

P

γ
Figure 1.2.18: Examples of LO (a)

dire
t photon and (b) resolved photon

pro
esses in ep 
ollisions.

Photoprodu
tion (Q

2

< 1GeV

2

) of parti
les (hadrons or prompt photons) or jets

at high transverse momenta provides information on the gluoni
 
ontent of the quasi-

real photon (Fig. 1.2.18b), 
omplementary to that from deep inelasti
 e
 s
attering.

The photoprodu
tion of dijets, heavy quarks and prompt photons has been stud-

ied [88, 112, 113℄, with the emphasis on the potential of THERA to yield information

on the stru
ture of the real photon. The possibility of measuring the stru
ture of the

virtual photon at THERA has also been 
onsidered [114℄. In addition, it has been

demonstrated that a �rst determination of the spin stru
ture of the photon at THERA

appears feasible for luminosities signi�
antly ex
eeding O(10 pb

�1

) [115℄.

Good knowledge of the hadroni
 intera
tions of the photon is important for future
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high energy physi
s investigations, e.g. for determining the Standard Model ba
kground

in sear
hes for new parti
les. The present situation is not satisfa
tory, as data for

some pro
esses, su
h as photoprodu
tion of dijets at HERA, are not in agreement

with existing NLO QCD 
al
ulations [116, 117℄. The level of agreement for pro
esses

involving resolved virtual photons is even more problemati
.

1.2.4.1 Kinemati
s and 
omparison with other 
olliders

A �rst estimate of the bene�ts of THERA 
an be obtained by 
omparing the kinemati


rea
h of THERA (

p

s � 1TeV) with that of LEP (

p

s � 200GeV), HERA (

p

s �

300GeV) and a future linear e

+

e

�


ollider, TESLA, (

p

s � 500GeV). Of interest for

this se
tion are the minimal a

essible x




,

x

min




�

�

e

+

e

�

=

p

T

e

��

CM

2E

e

� p

T

e

��

CM

; x

min




�

�

ep

=

E

p

p

T

e

��

LAB

2E

e

E

p

� E

e

p

T

e

�

LAB

; (1.2.6)

the range of the hard s
ale,

^

Q

2

, and the pseudorapidity, �, of the jets in resolved-photon

events whi
h determines the geometri
al a

eptan
e of the dete
tor.

In Fig. 1.2.19a, the minimum photon momentum fra
tion, x

min




, for a �xed trans-

verse momentum of p

T

= 10GeV, is shown as a fun
tion of the laboratory-frame

pseudorapidity for e

+

e

�

and ep 
olliders. It 
an be seen that for a given �, THERA a
-


esses x

min




values that are an order of magnitude smaller than at HERA. The minimum

x




at TESLA would also be beyond the rea
h of LEP and HERA. However, smaller

values of x





an be a

essed at THERA than at TESLA in the very forward dire
tion

(�

ep

LAB

> 2), rea
hing a minimum for the given transverse momentum at �

ep

LAB

� 4:6.

This demonstrates the need for an instrumentation of the very forward dire
tion at

THERA whi
h allows an a

urate measurement of jets up to the rapidities dis
ussed

here.

The a

essible regions in

^

Q

2

and x or x




are shown in Fig. 1.2.19b, taking into

a

ount restri
tions imposed by limited dete
tor a

eptan
e. Typi
al kinemati
 sele
-

tion 
riteria are imposed, as indi
ated in Fig. 1.2.19b for LEP and HERA. The same


uts have also been applied for the TESLA and THERA studies, although it is hoped

that the future experiments would have improved a

eptan
e in the very forward and

ba
kward regions. Although the e

+

e

�

ma
hines will yield the lowest values of x, the

ep ma
hines 
an probe smaller values of x




for a given

^

Q

2

. In parti
ular, THERA

will provide valuable additional information on the stru
ture of the photon down to

x




� 0:01 at high p

T

, thus 
omplementing TESLA and the 
urrent experiments.

1.2.4.2 Jet produ
tion

In
lusive dijet and 
harm produ
tion at THERA have been studied and 
ompared

with what is 
urrently a
hievable at HERA [88, 112, 118℄. Heavy quark produ
tion at

THERA is dis
ussed in Se
t. 1.2.2.4. Here the fo
us is on the potential of the THERA


ollider in testing the partoni
 
ontent of the photon using jets and heavy quarks as

tools. In dijet produ
tion, the observable x

obs




, de�ned as the fra
tion of the photon
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Figure 1.2.19: (a) The minimum photon momentum fra
tion, x

min




, as a fun
tion of the

rapidity in the 
entre-of-mass frame for e

+

e

�


olliders and in the laboratory frame for

ep 
olliders. (b) Range in

^

Q

2

(Q

2

or p

2

T

) versus x or x




with kinemati
 
uts re
e
ting a

realisti
 dete
tor a

eptan
e (indi
ated at the bottom of the �gure). The kinemati
 rea
h

of THERA is 
ompared with that of TESLA, HERA and LEP2.
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Figure 1.2.20: (a) The di�erential 
ross se
tion, d�=d log

10

x

obs




, for in
lusive dijet photo-

produ
tion at HERA and THERA as predi
ted by a NLO 
al
ulation. (b) The di�erential


ross se
tion for photoprodu
tion of 
harm in ep rea
tions, ep! e 

X, at p

T

= 10GeV


al
ulated in LO in the massless (VFNS) s
heme.
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energy produ
ing the two jets of highest transverse energy (see eq. 1.2.2), is used as

an estimator for x




[119℄. The 
ross se
tion d�=d log

10

x

obs




in NLO [120℄ is shown in

Fig. 1.2.20a. It 
an be seen that the predi
tion for HERA is strongly peaked at x

obs





lose to unity, whereas the predi
tions for THERA peak at x

obs




� 0:1. Di�eren
es of

up to 50% between the results for di�erent stru
ture fun
tion sets [121℄ are observed.

The 
harm 
ross se
tion d

2

�=d�dp

2

T

from a LO 
al
ulation for p

T

= 10GeV is peaked

at � � 0 for HERA and at � � �2 for THERA (see Fig. 1.2.20b). The 
ross se
tion

maximum at THERA is enhan
ed by a fa
tor of about 5 as 
ompared to HERA.

Again, some sensitivity to the 
hoi
e of the photon parton parametrisation is evident.

For THERA, the 
ross se
tion ratio of resolved to dire
t photoprodu
tion of 
harm

ex
eeds unity at � > �3:5 and rapidly in
reases with growing � (see Fig. 1.2.21).
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Figure 1.2.21: The ratio of the resolved to the dire
t 
ontributions to the 
harm photo-

produ
tion 
ross se
tions d

2

�=d�dp

2

T

in ep rea
tions at p

T

= 10GeV, (a) for HERA and

(b) for THERA. The 
ross se
tions have been 
al
ulated to LO in the massless (VFNS)

s
heme, using the CTEQ5L parton distribution set for the proton and three di�erent LO

parton distribution sets for the photon.

1.2.4.3 Prompt photon produ
tion

Prompt photon photoprodu
tion, ep ! 
X (the deep inelasti
 Compton s
attering

pro
ess), allows the photon stru
ture to be studied in yet another way [113℄. For

example, 
al
ulations demonstrate that in the forward region (�




> 0) the Compton

pro
ess is dominated by the rea
tion (gq ! 
q) with a 
ross se
tion nearly ten times

larger than at HERA and extending to larger transverse momenta of the photon. Thus

prompt photon produ
tion will allow the gluoni
 
ontent of the photon to be probed.
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1.3 Experimentation at THERA

1.3.1 Collision of TESLA ele
trons with HERA protons

The a
hievable luminosity for THERA, the TESLA{HERA ele
tron proton 
ollider, is


onstrained by the ele
tron beam power, the intra-beam s
attering whi
h limits the

emittan
e of the proton beam, and the �-fun
tion of the protons whi
h is a
hievable

within the pra
ti
al limits of fo
using at the intera
tion point (IP). In the limit of ultra-

short bun
hes and assuming head-on 
ollisions, round beams, and equal transverse

beam sizes for ele
trons and protons at the 
rossing point, the luminosity L is given by

L =

N

e

N

p

f

b




p

4�"

p

�

�

; (1.3.1)

where "

p

is the normalised proton beam emittan
e or mean square beam size divided

by the betatron parameter �

�

, N

e

and N

p

are the numbers of ele
trons and protons

per bun
h, f

b

is the 
ollision frequen
y, and 


p

is the proton Lorentz fa
tor. On
e the

energy of the ele
tron beam is 
hosen, the total ele
tron beam 
urrent (I

e

= N

e

� e � f

b

)

is limited by the allowed ele
tron beam power or I

e

= e � P

e

=E

e

. The luminosity L

is independent of the bun
h 
harge N

e

and the 
ollision frequen
y f

b

as long as their

produ
t, expressed by the beam power P

e

, is 
onstant. The luminosity 
an thus be

written in the following form:

L = 4:8� 10

30


m

�2

s

�1

�

N

p

10

11

10

�6

m

"

p




p

1066

10 
m

�

�

P

e

22:6MW

250GeV

E

e

: (1.3.2)

1.3.1.1 Proton phase spa
e density

The ratio N

p

="

p

is 
alled beam brightness. In 
onjun
tion with a 
ertain bun
h length

and energy spread of the protons it is a measure of the phase spa
e density. The beam

brightness is limited by spa
e 
harge for
es in the low-energy part of the a

elerator


hain. But also at high energy, the beam brightness is subje
t to slow de
ay due to

Coulomb s
attering of protons within the bun
h, the so-
alled intra-beam s
attering

(IBS) [122℄, whi
h, in the presen
e of dispersion, leads to emittan
e growth. The

limitation of beam brightness depends on the longitudinal 
harge density and thus

on the bun
h length �

p

. This is, however, also a 
riti
al parameter at 
ollision sin
e

it limits the e�e
tive size of the proton beam at the IP. For long bun
hes (large �

p


ompared to �

�

), 
ollisions o

ur at signi�
antly in
reased 
ross se
tions due to the

quadrati
 in
rease of � as a fun
tion of the distan
e s from the IP (hourglass e�e
t). In

addition, the �nite bun
h length redu
es the e�e
tive proton beam 
ross se
tion in 
ase

of a 
rossing angle. For given radio-frequen
y (RF) fo
using for
es, the bun
h length is

given by the longitudinal emittan
e, whi
h is also subje
t to limitation by spa
e 
harge

e�e
ts at low energy and to slow growth due to IBS at high energy. Due to pra
ti
al

limitations of the RF fo
using system and dynami
al stability 
onsiderations, there is

only a limited range for optimising the bun
h length within these 
onstraints. At low

energy, one wants to maximise the bun
h length to a
hieve maximum brightness. At
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high energies, at 
ollisions, one wants minimum bun
h length to a
hieve the minimum

e�e
tive beam 
ross se
tion.

Taking these general limitations into a

ount, an IBS growth time of 2:9 hours

results for a 1TeV proton beam in HERA with an initial transverse normalised emit-

tan
e of "

p

= 1� 10

�6

m, an initial bun
h length of �

p

= 10 
m, and an initial relative

energy spread of �

p�

= 1:1 � 10

�4

. The longitudinal growth time is just 2 hours.

This determines the luminosity lifetime and must be 
onsidered as an upper limit for

the proton density. In order to a
hieve smaller proton beam emittan
e, emittan
e


ooling is required. For example, to redu
e the emittan
e by a fa
tor of �ve, 
ool-

ing times of 12min must be a
hieved to balan
e the IBS emittan
e growth. Up to

this point, no su
h powerful 
ooling systems are available. This leads to the 
on
lu-

sion, that a proton beam normalised emittan
e in the order of "

p

= 1 � 10

�6

m with

N

p

= 10

11

has to be 
onsidered as a minimum for HERA. It represents quite a 
hallenge

to a
hieve the 
orresponding beam brightness in the inje
tor 
hain. At present, the

best beam brightness values a
hieved in the DESY III syn
hrotron are in the range of

N

p

="

p

= 1:3� 10

11

=3� 10

�6

m [123℄ whi
h falls short by a fa
tor of 2:3 to the target

value of 10

11

=10

�6

m. Ele
tron 
ooling in the lower energy stages [124℄ may be ne
es-

sary to a
hieve the target value. A
tive feedba
k to damp inje
tion os
illations might

be needed in the higher energy stages. The 
on
lusion is that the target values of

N

p

= 10

11

, "

p

= 10

�6

m, �

p

= 16 
m and �

p�

= 1:1� 10

�4


onstitute an ambitious but

maybe not unrealisti
 goal for the phase spa
e density of an LC{ring ele
tron{proton


ollider at HERA.

1.3.1.2 Intera
tion region layout

Small values of the �-fun
tion �

�

at the IP are essential for high luminosity. The �-

fun
tion is limited by the 
hromati
ity of the protons whi
h is generated in the low-�

quadrupole magnets, by aperture limitations in 
onne
tion with a maximum a
hiev-

able �eld gradient in the quadrupole magnets and by the proton bun
h length. As


hromati
ity and maximum beam size grow linearly with the �nal fo
us quadrupole

distan
e from the IP, for �xed �

�

, it is desirable to fo
us ele
trons and protons simul-

taneously, thereby minimising the distan
e of the quadrupole magnets to the IP. At

1TeV proton energy, the bun
h length should be 10 
m or longer for adequate IBS life

times. In addition, in order to avoid the ex
itation of syn
hro-betatron resonan
es of

the protons by the ele
trons the 
rossing angle must be limited to a few mrad. This is

supported by re
ent tra
king 
al
ulations [125℄. Additional beam separation te
hnique

is thus required, possibly using soft magneti
 separation.

Figure 1.3.1 shows a 
omponent layout and the resulting envelope fun
tions that

meet the requirements. The layout has been designed for a ratio of proton to ele
tron

energies of 1 TeV=300GeV and is taken from previous work on ele
tron{proton 
olliders

based on a LC{ring 
ombination [126℄. The ele
tron beam is fo
used by a super
on-

du
ting quadrupole triplet whi
h is pla
ed at 5m from the IP and two doublets whi
h

give a �

�

of 97 
m at the IP and also low � at 25m and 50m from the IP. At these

latter positions strong quadrupoles for the protons are pla
ed whi
h, be
ause of the low
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Figure 1.3.1: Possible layout for an

ele
tron{proton intera
tion region,

whi
h works for proton/ele
tron

energy ratios between one and

four. The 
ase for 1TeV protons

and 300GeV ele
trons as presented

in [126℄ is shown. One quadrupole

triplet and two doublets fo
us the

ele
tron beam strongly. At the

beam envelope waists in between

these lenses, strong quadrupole

magnets are pla
ed whi
h help to

fo
us primarily the protons. Af-

ter the two beams are properly fo-


used, at 70m from the IP, a

long soft quadrupole magnet, whi
h

is aligned along the ele
tron beam

orbit, smoothly bends the protons

away. This arrangement avoids

any extra upstream syn
hrotron ra-

diation by the beam separation.

ele
tron � there, have minimum in
uen
e on the ele
trons while e�e
ting a �

�

of 10 
m

for the protons. The quadrupole gradients are 150T/m, the lengths of the quadrupoles

vary between 2 and 4m to a
hieve a good opti
al mat
h. An aperture of 30mm appears

to be te
hni
ally feasible but very 
hallenging sin
e it requires peak �elds of 9T. The

beta fun
tion of the protons rea
h values of 1000m at the maximum in the low-beta

quadrupoles. This 
orresponds to ten standard deviations of the proton beam size and

appears to be a

eptable based on HERA operational experien
e. A 100m long sepa-

rator magnet, whi
h is pla
ed at 60m distan
e from the IP, a
ts to separate the two

beams. It is a soft, defo
using quadrupole (G = 10T/m) whi
h is aligned along the

ele
tron orbit while the protons pass o�-
entre and re
eive a de
e
tion. A tiny 
rossing

angle of 0:05mrad avoids the �rst parasiti
 
rossing at 65m and provides the required

small initial pre-separation of the two beams. This arrangement avoids any extra up-

stream syn
hrotron radiation by the beam separation magnets. It is remarkable, that

this s
heme is very 
exible as far as the energy ratio of the beams is 
on
erned. It

allows to separate beams with a ratio of beam energies between one and four.

The ele
tron beam is fo
used by the beam{beam intera
tion at the IP as well as

the outgoing lenses. In
lusion of the beam{beam intera
tion in the linear opti
s shows

that the e-beam is still well behaved on its way out. Full separation is a
hieved at 50m

from the IP.
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The traje
tory of the TESLA beam line is planned to be tangential to the HERA

Straight Se
tion West. The beam separation s
heme is designed su
h that no bends

in the ele
tron beam lines are ne
essary for the in
oming ele
tron beam. However,

the outgoing protons re
eive a ki
k of 14mrad and a radial displa
ement of 468mm.

This 
ould be 
ompensated by disabling the �rst super
ondu
ting dipole magnet for

the outgoing protons, a

ompanied by a small 
orre
tion ki
k of 1mrad and a radial

shift of the IP by approximately 524mm away from the 
entre of the ring. The �nal

geometry of the TESLA tunnel and beam line should take this into a

ount. The

outgoing ele
trons are allowed to re
eive a bending angle whi
h would shorten the

separation se
tion on the other side 
onsiderably. The additional spa
e made available

in this way is needed to restore the proton orbit for in
oming protons, making use of the

now available dipole magnet from the other side. A 
omplete layout of the geometry

has not yet been designed.

1.3.1.3 Luminosity estimate

In Table 1.3.1, the parameters of an (e-LC)-(p-ring) 
ollider based on TESLA and

HERA parameters are summarised. In 
al
ulating the luminosity, the limitations in �

and proton beam brightness as dis
ussed in the previous se
tions as well as the hourglass

e�e
t and the e�e
t of a 
rossing angle have been taken into a

ount. Assuming a

bun
h length of 10 
m to be possible, the hourglass redu
tion fa
tor is 0:9. Even a

tiny 
rossing angle of � = 0:05mrad 
hanges the 
ross se
tion and thus the luminosity

by 6%. Combining all these numbers yields a luminosity of L = 4:1 � 10

30


m

�2

s

�1

when operating TESLA at E

e

= 250GeV and HERA at E

p

= 1TeV. In a year of

running this luminosity 
orresponds to about 40 pb

�1

assuming an eÆ
ien
y of 60%

and 200 days of operation.

If THERA is operated with equal ele
tron and proton energies, the fo
using 
ould be

made mu
h more eÆ
ient. Su
h an energy setting is not favourable for low x physi
s

be
ause the ele
tron would be s
attered even 
loser to the ele
tron beam dire
tion

than in the asymmetri
 energy 
ase. This 
onstraint, however, is not important for

high-Q

2

studies, for whi
h, on the other hand, maximising the luminosity is of utmost

importan
e.

With equal beam energies, a single low-beta doublet 
ould be used to fo
us the

beam to beta fun
tions as small as 1 
m. The super
ondu
ting quadrupole magnets

need to have a length of l = 3m, and would be pla
ed starting at 2m from the IP.

An aperture of 20mm would 
orrespond to 10 times the r.m.s. beam size in these

magnets. A peak �eld of 5T would be required to produ
e the gradients needed in

this setup. The magnet 
ryostat would have an estimated outer diameter of 40 
m.

The dete
tor would have to provide spa
e for these magnets by giving up small-angle

dete
tor a

eptan
e. The strong hourglass e�e
t in this situation, with 16 
m bun
h

length and 1 
m beta fun
tion, must be over
ome following a proposal by Dohlus and

Brinkmann [127℄ whi
h features a moving �-waist around the IP due to time-dependent

fo
using by introdu
tion of RF quadrupoles. This way, the minimum �-fun
tion o

urs

at the lo
ation and time where the e-beam 
ollides with a sli
e of the proton beam
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ele
tron beam parameters

ele
tron energy E

e

= 250GeV

number of ele
trons per bun
h N

e

= 2� 10

10

bun
h length �

se

= 0:3mm

invariant emittan
e " = 100� 10

�6

m

beta fun
tion at IP �

x;y

= 0:5m

ele
tron tune shift ��

y

= 0:228

disruption D = 0:02

bun
h spa
ing t

be

= t

bp

= 211:37 ns

RF frequen
y f = 1301MHz

a

elerating gradient g = 23:4MV/m

beam pulse length T

p

= 1:19ms

number of bun
hes 56� (94 + 6 empty bun
hes)

duty 
y
le d = 0:5%

repetition rate f

r

= 5Hz

beam power P

b

= 22:6MW

proton beam parameters

proton energy E

p

= 1TeV

number of protons per bun
h N

p

= 10

11

number of bun
hes N

pb

= 94

beam 
urrent I

p

= 71mA

bun
h length �

p

= 10 
m

beta fun
tions at IP �

�

xp

= 10 
m

normalised emittan
e "

p

= 1� 10

�6

m

IBS growth time transv./long. �

s

= 2:88 h; �

x

= 2:0 h


ollider parameters

hourglass redu
tion fa
tor R = 0:9


rossing angle � = 0:05mrad

luminosity L = 4:1� 10

30


m

�2

s

�1

Table 1.3.1: Main parameters of an ele
tron{proton 
ollider based on HERA and TESLA.

and the beam size remains uniform during the whole 
ollision time. In the horizontal

plane, the beam size would be dominated by the 
rossing angle and the �-fun
tion


an be relaxed to 3 
m. The luminosity whi
h 
an be a
hieved in this s
enario is

estimated to be L = 2:5 � 10

31


m

�2

s

�1

for E

e

= E

p

= 500GeV. This s
enario uses

both arms of TESLA, whi
h is possible due to the standing-wave type 
avities in the

super
ondu
ting LC. With the TESLA ma
hine upgraded in power, energies as high

as 400GeV per arm are envisaged, whi
h for THERA opens the possibility to run at

E

e

= E

p

= 800GeV. This provides a maximum energy in ep s
attering of

p

s = 1:6TeV

at an estimated luminosity of 1:6� 10

31


m

�2

s

�1

. Thus with equal beam energies and

a dynami
 fo
using system, integrated luminosities of about 200 pb

�1

per year are in

rea
h for THERA.
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Figure 1.3.2: Site of

THERA: TESLA (red)

is foreseen to be built

tangentially to the HERA

ring (blue) su
h that

ele
trons from North hit

protons in the West Hall

on the DESY site. The

PETRA ring is seen whi
h

serves as a pre-a

elerator

for HERA protons. The

PETRA lepton inje
tion

line will be instrumented

with super
ondu
ting mag-

nets to arrange protons

travelling 
lo
kwise in

HERA. After 
ollision the

TESLA ele
trons will be

dumped on site.

1.3.1.4 Auxiliary systems

The THERA a

elerator site at DESY is shown in Fig. 1.3.2. Ele
trons or positrons

are inje
ted at the far North end into the lina
 and a

elerated up to full energy. A

dedi
ated THERA ele
tron gun and a short inje
tor unit will be ne
essary. In order to

operate the ep 
ollider, the protons have to travel 
lo
kwise around HERA. For inje
ting

the proton beam, the 
urrent lepton inje
tion line has to be used, whose strong bends

require super
ondu
ting magnets for a 40GeV proton beam. The slope of the line is a

problem for the 
ryogeni
 supply of these magnets, whi
h however 
an presumably be

solved. The ele
tron beam lines into and out of HERA require 
ivil engineering work

in
luding two long slits of the HERA tunnel. A beam dump similar to the TESLA

beam dump has to be foreseen, whi
h would �t on the DESY site. Two types of

super
ondu
ting quadrupoles for the new intera
tion region have to be provided with

�ve magnets ea
h and 
ryogeni
 supply. Beam pipes, support, power supplies, beam

diagnosti
s and 
ontrols are required. In addition, faster ki
ker magnets are needed to

provide the desired bun
h spa
ing. In order to a
hieve the envisaged beam brightness,

ele
tron 
ooling in PETRA will most likely be required.
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1.3.2 A dete
tor for THERA

The ele
tron{proton s
attering kinemati
s governs the design of the THERA dete
tor.

Roughly speaking, there are three dete
tor regions whi
h have to mat
h di�erent re-

quirements: the forward

5

part, where the �nal-state energies are limited by the proton

beam energy, E

p

; the 
entral part, where parti
les with transverse momenta up to

p

s=2 
an be produ
ed; the ba
kward part, where the �nal-state energies are limited

by the ele
tron beam energy, E

e

. The forward part thus has to mat
h similar 
riteria

as at HERA, whereas the ba
kward part has to 
ope with mu
h higher energies. The


entral part bridges these two extremes.
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Figure 1.3.3: Kinemati
 range 
overed by THERA, (a) at high x and Q

2

for E

e

= E

p

=

800GeV (

p

s = 1:6TeV), and (b) at low x and Q

2

for beam energies of E

e

= 250GeV

and E

p

= 1TeV (

p

s = 1TeV). The lines for y = 0:04 in (a) and y = 0:11 in (b)

indi
ate the kinemati
 limit of HERA. Lines of 
onstant E

0

e

(red), E

h

(blue), �

e

(magenta)

and �

h

(green) are indi
ated. In (b), E

h

and E

0

e

are given approximately by yE

e

and

(1 � y)E

e

, respe
tively. Note that for low x both the ele
tron and the jet are s
attered

into the ba
kward region, illustrating the strong boost of the ele
tron{quark system in this

kinemati
 region.

The 
overage of the (x;Q

2

) plane for DIS at large Q

2

> 10

3

GeV

2

is shown in

Fig. 1.3.3a for the maximumTHERA 
entre-of-mass energy envisaged (see Se
t. 1.3.1.3).

The �nal-state ele
trons have energies, E

0

e

, of hundreds of GeV and are s
attered at

ba
kward and 
entral angles, �

e

. The 
urrent jets emerge at a broad spe
trum of an-

gles, �

h

, hitting the forward, 
entral and ba
kward dete
tor parts with energies, E

h

,

5

A 
oordinate system is de�ned a

ording to the HERA 
onventions, with the origin in the intera
tion

point (IP) and the z axis pointing in the proton beam dire
tion, referred to as forward.
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whi
h are approa
hing E

p

at highest x and E

e

at highest y.

The kinemati
 properties of low-x rea
tions are illustrated in Fig. 1.3.3a. The most

striking features of su
h events are the very small de
e
tion of the ele
trons and their

large energies of E

0

e

� (1 � y)E

e

, ex
eeding the 
orresponding values in the HERA

ba
kward region by one order of magnitude. As 
an be seen from this �gure, Q

2

values

of a few GeV

2


an be a

essed only with ele
tron s
attering angles 
lose to 180

Æ

(�

e

as

large as 179:5

Æ

is e.g. required to rea
h Q

2

= 4E

e

E

0

e


os

2

(�

e

=2) ' 2GeV

2

at y = 0:5 for

E

e

= 250GeV). Simultaneously, the 
urrent jets are also s
attered into the ba
kward

dire
tion, with energies E

h

� y E

e

.

The ba
kward region of the THERA dete
tor is therefore of 
entral importan
e

for low-x investigations and has to be newly designed, sin
e the 
orresponding HERA

dete
tor 
omponents 
annot provide the required energy 
ontainment and angular 
ov-

erage. The extension in z of the very ba
kward dete
tor part (i.e. at largest �) depends


riti
ally on the beam-pipe radius whi
h 
an be as small as 2 
m be
ause of the absen
e

of syn
hrotron radiation from bends of the in
oming ele
tron beam near the intera
tion

region. The beam-pipe will have exit windows with 2� azimuthal 
overage to minimise

shower development and multiple s
attering.

Based on the experien
e of experimentation at HERA and a simulations of THERA

DIS events and kinemati
s, a design study of the THERA dete
tor has been per-

formed [128℄.

The operation of the THERA experiment is envisaged in two phases aiming at

low-x physi
s and high-Q

2

physi
s, respe
tively. A

ordingly, the THERA dete
tor

is foreseen to be modular in its stru
ture. Dete
tors near the beam-pipe and the

extended ba
kward part should be removable for high-luminosity operation, whi
h will

require the installation of fo
using magnets as 
lose as possible to the intera
tion point.

Chara
teristi
 parameters of both phases are summarised in Table 1.3.2.

Magneti
 �eld: A homogenous solenoidal magneti
 �eld, extending over almost 10m

in z 
ould be provided by the H1 and ZEUS 
oils whi
h 
an be operated at 1{1:5T. The

me
hani
al stability of su
h an arrangement and the design of the support stru
ture

have not yet been investigated.

The 
alorimeter has to be almost 4�-hermeti
 in order to be able to re
onstru
t the

longitudinal energy-momentum balan
e, E�p

z

, whi
h is essential for DIS event identi�-


ation and re
onstru
tion. The required energy resolutions are roughly 15%=

p

E(GeV)

for ele
tromagneti
 and 40%=

p

E(GeV) for hadroni
 energy measurements, with ad-

ditional 
onstant terms of about 1%. These resolution requirements 
an be met by

presently available 
alorimeter te
hnology as e.g. employed by the HERA 
ollabora-

tions. In parti
ular, one might 
onsider to equip the forward and 
entral 
alorimeter

regions with the H1 LAr 
alorimeter, and to use the instrumented iron stru
ture of

the H1 dete
tor. The re
onstru
tion of forward-jet �nal states requires position re
on-

stru
tion and energy 
ow measurements down to polar s
attering angles of about 1

Æ

.

Thus, a new 
alorimeter with enhan
ed granularity will have to be 
onstru
ted for the

very forward region, i.e. � < 5

Æ

(`forward plug').

In the ba
kward dire
tion, the 
alorimeter must be able to provide energy and

position measurement for the s
attered ele
trons with energies 
lose to the ele
tron
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low-x 
on�guration high-Q

2


on�guration

ele
tron beam energy, E

e

250GeV 500GeV 800GeV

proton beam energy, E

p

1TeV 500GeV 800GeV


.m.s. energy,

p

s 1:0TeV 1:0TeV 1:6TeV

luminosity [10

30


m

�2

s

�1

℄ 4 25 16

distan
e fo
using magnet { IP 5m 2m 2m

ba
kward ele
tron a

eptan
e �

e

< 179:7

Æ

�

e

< 175

Æ

�

e

< 175

Æ

forward 
alorimetri
 a

eptan
e �

h

> 1

Æ

�

h

> 5

Æ

�

h

> 5

Æ

Table 1.3.2: Operation parameters of THERA. The �rst phase with standard beam ener-

gies and luminosity will fo
us on low-x physi
s. A subsequent, higher-luminosity phase

is envisaged whi
h will 
on
entrate on high-Q

2

physi
s. In this high-Q

2

phase, both arms

of TESLA are used for a

eleration of ele
trons to a
hieve maximum energy. Note that

the maximum Q

2

is given by s = 4E

e

E

p

. Choosing E

e

= E

p

is favourable for maximising

the luminosity (see Se
t. 1.3.1). An ele
tron energy of 800GeV energy 
an be obtained

after the TESLA power upgrade, while 500GeV are available already in the �rst stage of

TESLA.

beam energy, at angles up to 179:7

Æ

. Furthermore, hadroni
 energy measurement

and reliable ele
tron/hadron separation are required in the same energy and angular

range to fully 
over low-x rea
tions, in whi
h both the ele
tron and the hadroni
 state

are s
attered into a narrow 
one in the e beam dire
tion (see Fig. 1.3.3a). These

requirements ne
essitate a high-resolution, �ne-grain 
alorimeter with suÆ
ient depth

to 
ontain ele
tron and hadroni
 energy deposits of several 100GeV. Parti
ularly

stringent 
onstraints are present for the 
alorimeter part 
lose to the beam-pipe, whi
h

is envisaged to be 
onstru
ted as a separate module (`ba
kward plug').

Tra
king: Tra
ks will be re
onstru
ted in sili
on strip dete
tor teles
opes near the

beam-pipe and an arrangement of outer tra
king dete
tors. These may 
onsist of a


ylindri
al 
entral 
hamber and, for example, of planes of straw-tube or drift-
hamber

dete
tors in the forward and the extended ba
kward regions, with hit resolutions of

about 150�m.

Ele
tron identi�
ation near �

e

= 179:5

Æ

will be a
hieved using a 
ombination of

the 
alorimetri
 information and the data from a tra
k dete
tor whi
h has suÆ
ient

resolution to determine the 
harge of parti
les with momenta up to E

e

and will be

positioned in front of the ba
kward plug 
alorimeter. Low-x 
harm and beauty physi
s

requires the re
onstru
tion of tra
ks with momenta of a few GeV at s
attering angles

up to 179

Æ

. It has been veri�ed with simulation studies [129℄ that the required angular

a

eptan
e and momentum resolution 
an be provided using 6-in
h sili
on strip dete
-

tors with hit resolutions of about 20�m. These dete
tors will be arranged in 5-plane

modules, whi
h are mounted around the beam pipe and 
over the full range of polar

and azimuthal angles. The ba
kward tra
ker response was simulated in some detail,

and resolutions of about 15MeV for the D

0

! K� mass re
onstru
tion and of about
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5m 0 -5m

15°

150°

177°

165°

5°

4m

2m

-2m

-4m

THERA DETECTOR, low x

Figure 1.3.4: Basi
 design of the THERA dete
tor in the low-x 
on�guration. The ele
-

trons enter from left, the protons from right. Around the beam-pipe, modules of 6-in
h

sili
on strip dete
tors are positioned (dark-green). Tra
king is 
omplemented by planar

and 
ir
ular tra
k 
hambers (light-green). Ele
tromagneti
 (pink) and hadroni
 (red)


alorimetry ensures hermeti
, a

urate re
onstru
tion of the �nal-state energy deposi-

tions. A homogenous, solenoidal �eld over 9m length is provided by the large-diameter

H1 
oil and the smaller ZEUS 
oil (blue). The return yoke iron stru
ture (light-blue) is

instrumented for shower tail 
at
hing and muon dete
tion. The fo
using magnets (brown)

are pla
ed near the plug 
alorimeters (magenta).

5m 0 -5m

4m

2m

-2m

-4m

THERA DETECTOR, high Q²

10°
170°

Figure 1.3.5: Basi
 design of the

THERA dete
tor in the high-Q

2


on�guration. This dete
tor is

similar in its basi
 layout to Fig-

ure 1.3.4, with the ba
kward dete
-

tor part and the ZEUS 
oil removed

and the iron stru
ture shortened


orrespondingly. Removal of the

large/small angle tra
kers and the

forward/ba
kward plug 
alorime-

ters permits the fo
using magnets

to be pla
ed mu
h nearer to the in-

tera
tion point than in the low-x

phase.
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0:5MeV for the D

�

�D

0

mass di�eren
e were obtained. The tiny transverse size of the

intera
tion spot (roughly 20�m diameter) is of great advantage for momentum mea-

surement and in parti
ular for tagging heavy-
avour de
ays by re
onstru
ting impa
t

parameters and se
ondary verti
es.

Muon 
hambers outside the 
alorimeter are required in the full a

eptan
e range of

the dete
tor, preferentially also ba
kwards at small angles for heavy-
avour physi
s.

Tagging of ele
trons and photons in the ele
tron beam dire
tion is ne
essary for

luminosity measurements, 
ontrol of radiative 
orre
tions and for identifying photopro-

du
tion events, in parti
ular in the 
ontext of ex
lusive measurements. The dete
tion

of protons and neutrons in the proton beam dire
tion is needed, or at least supportive,

for investigations of di�ra
tive rea
tion 
hannels. It appears feasible to in
lude these

di�erent tagging dete
tors in the intera
tion region; however, no e�ort has been made

to design them at this stage.

It is 
on
luded that low-x physi
s at THERA, while representing the 
hallenge of

measuring the s
attered ele
tron so 
lose to the beam-pipe, 
an be studied with a

dete
tor design following the above 
onsiderations, as shown in Fig. 1.3.4. The design

is suÆ
iently modular to allow for a dete
tor re
on�guration suitable for the THERA

high-Q

2

phase (see Fig. 1.3.5).

The 
onstru
tion of the THERA dete
tor 
an be based on the large experien
e with

the 
ollider dete
tors at HERA and is not expe
ted to ex
eed their 
ost.

1.4 Further Options

1.4.1 Ele
tron{nu
leus s
attering

Deep inelasti
 s
attering of nu
lei is a 
lassi
al way of studying the spa
e-time pi
ture

of strong intera
tions, (see [130℄ for a re
ent review). So far DIS data on nu
lei are

only available for x & 0:003, see e.g. Fig. 1.4.1 (reprodu
ed from [130℄).

The prime motive for using nu
lear beams at THERA is to advan
e mu
h deeper

into the region of high parton densities than it would be possible in the ele
tron{

proton mode. Based on the dependen
e of various observables on the nu
leon number,

A, measurements at THERA would provide de
isive tests and a number of valuable


ross 
he
ks of various ideas about the QCD state in the high-density limit (for a

summary see [132{134℄). E�e
ts to be investigated would in
lude the saturation of

gluon and quark densities [135, 136℄ (dis
ussed in Se
t. 1.2.1) or a large redu
tion of

the nu
lear gluon density [137℄, g

A

, as 
ompared to the in
oherent sum g

A

= Ag

N

of the

individual nu
leon densities, g

N

(leading-twist shadowing). Indeed, the small-x gluon

densities per unit area at 
entral impa
t parameters in nu
lei (i.e. at small transverse

distan
es from the 
entre of the nu
leus) are enhan
ed as 
ompared to the nu
leon 
ase

by a fa
tor (g

A

=�R

2

A

)=(g

N

=�r

2

N

) � A

1=3

g

A

=Ag

N

, whi
h is as large as 6 for A = 200 if

g

A

� Ag

N

is assumed. The unitarity 
onstraint (see eq. 1.2.1 for a nu
leon target),

requiring that the total inelasti
 
ross se
tion of the intera
tion of a small dipole with

the nu
leus 
annot ex
eed �R

2

A

(the bla
k body limit), implies the presen
e of large

s
reening e�e
ts and nonlinear dynami
s in eA s
attering at THERA. In parti
ular,
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it implies that in the intera
tion of small 
olour-o
tet dipoles with nu
lei at 
entral

impa
t parameters the gluon density per nu
leon (i.e. the ratio of the gluon density

averaged over a small range of 
entral impa
t parameters and the number of nu
leons,

A

e�

, in the 
orresponding nu
lear volume) 
annot ex
eed [15, 138℄

xg

A

(x;Q

2

)

A

e�

�

�

�

�


entral

� 3A

�1=3

Q

2

(GeV

2

)

A=200

� 0:5Q

2

(GeV

2

) : (1.4.1)

Note that this ratio would be equal to xg

N

if the nu
leon �elds would add in
oherently.

The upper bound in eq. 1.4.1 
an be 
ompared e.g. with xg

N

(x=10

�3

; Q

2

=4GeV

2

) � 5

in the 
urrent parton distribution �ts. One 
on
ludes that strong modi�
ations of the

gluon �eld in heavy nu
lei (as 
ompared to the in
oherent sum of the nu
leon �elds)

appear to be unavoidable in a wide (x;Q

2

) range to be 
overed by THERA.

A signi�
ant part of these modi�
ations required to satisfy the unitarity 
onstraints

is the leading-twist redu
tion of the gluon and quark parton densities (shadowing) re-

lated to the leading-twist di�ra
tion observed at HERA [137℄. The rest should be due to

nonlinear e�e
ts. The kinemati
 range where nonlinear e�e
ts are expe
ted to be large

is illustrated in Fig. 1.4.2 for s
attering of small-size 
olour-triplet and 
olour-o
tet

dipoles o� nu
lei, taking into a

ount the leading-twist shadowing. For 
entral impa
t

parameters the limits are mu
h stronger { the limit for the in
lusive s
attering o� a nu-


leus with a given A 
orresponds to the limit at 
entral impa
t parameters for a nu
leus

with A

0

� A=3:5, so that the in
lusive 
urves for A = 40 are the same as the 
urves

for 
entral s
attering o� 
arbon (the subtra
tion of the 
ontribution from s
attering at

peripheral impa
t parameters 
an be performed by studying 
ross se
tions for a series

of nu
lei, e.g. for A;A=4; : : : [132℄). The intera
tion strength in this domain may rea
h

values 
lose to the bla
k body limit and 
an be studied at THERA in a wide x range as

a fun
tion of the parton density (i.e. the number of nu
leons at the impa
t parameter

●  

■  

He
C
Ca

F2
A

F2
d

x

Figure 1.4.1: NMC data [131℄ for

the stru
ture fun
tion ratio F

A

2

=F

d

2

per nu
leon for

4

He,

12

C and

40

Ca

for Q

2

� 0:7GeV

2

. THERA would

extend these measurements by three

orders of magnitude to x ' 10

�5

.
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Figure 1.4.2: Unitarity boundaries in the (x;

p

Q

2

)-plane for (a) the inelasti
 qq (
olour

triplet){nu
leus and (b) the qqg (
olour o
tet){nu
leus 
ross se
tions for nu
lei with A =

12, 40, 100 and 200. The unitarity boundaries for the inelasti
 qq{ and qqg{nu
leon 
ross

se
tions are indi
ated as bla
k solid lines.

of the probe), whi
h is impossible for the 
ase of ep s
attering. In a number of mod-

els [139, 140℄ the shadowing in the leading twist is assumed to be small, resulting in a

mu
h larger range of (x;Q

2

) where nonlinear e�e
ts should dominate (see plots in [133℄).

One 
an see from the �gure that the measurement of 
entral s
attering for A = 40

(whi
h requires data from a set of isos
alar nu
lei with A � 40 for the subtra
tion of

the peripheral part) would a

ess limits 
orresponding to in
lusive s
attering o� nu
lei

with A � 200 and hen
e extend the Q

2

unitarity boundary by a at least a fa
tor of

two at x values of � 10

�4

. This gain would allow the observation of nonlinear e�e
ts

in a Q

2

range whi
h is indisputably perturbative, at least for ep s
attering.

It will be possible to reveal unambiguously the new high-density regime of DIS

at small-x eA 
ollisions via studies of a number of in
lusive observables and the A-

dependen
e of the properties of the �nal states. Several gold-plated observables are

listed in the following. For illustration, expe
tations based on the bla
k body limit s
e-

nario [15,138,141,142℄ are 
onsidered (whi
h is rather 
losely related to the saturation

s
enario [135, 136, 139, 140, 143℄), though nonlinear e�e
ts 
ould tame the in
rease of

the intera
tion strength before this limit is rea
hed.

In
lusive observables

In the bla
k body limit, the relation F

A

2

/ 2�R

2

A

Q

2

ln(1=x) holds for Q

2

� Q

2

bbl

(x),

where Q

2

bbl

(x) denotes the maximal value of Q

2

for whi
h the total inelasti
 
ross

se
tion of the intera
tion of a small 
olour dipole of transverse size / 1=Q with a

heavy nu
leus is equal to the bla
k body limit, �R

2

A

. The s
ale Q

2

bbl

(x) in
reases with
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A. The measurement of the s
aling violation of F

A

2

(x;Q

2

) provides dire
t a

ess to the

dynami
s of the intera
tion of the small dipoles with nu
lei and hen
e yields detailed

information about the relevan
e of the bla
k body limit for 


�

A s
attering. Dire
t

tests of the onset of the bla
k body regime in the gluon 
hannel may be possible via

measurements of �

L

(eA) and the study of dijet produ
tion in 


�

A s
attering.

Another signal for approa
hing the bla
k body limit would be an A dependen
e

of the transverse momentum (p

t

) spe
trum of the partons: the average p

t

rises with

Q

2

bbl

(x), hp

t

i � Q

bbl

[139, 140℄, resulting in an A dependen
e of the leading hadron

spe
trum in the 
urrent fragmentation region at values of Feynman x 
lose to one:

the multipli
ity will de
rease with A [142℄ and the average p

2

t

at x

F

� 1 should be

proportional to Q

2

bbl

. Su
h a gross violation of the QCD fa
torisation theorem for

leading hadron produ
tion in DIS will provide one of the model independent signals

for the onset of the bla
k body regime.

Di�ra
tive observables

For experimental investigations, three 
lasses of di�ra
tive ele
tron{nu
leus intera
-

tions have to be 
onsidered: di�ra
tive disso
iation with meson produ
tion in the

nu
leus fragmentation region, nu
lear break-up produ
ing nu
lear fragments (mostly

neutrons and protons) in the forward dire
tion, and 
oherent s
attering, where the nu-


leus stays inta
t. The separation of these three 
lasses from non-di�ra
tive rea
tions

is very similar to the sele
tion of di�ra
tive events in the ep 
ase. The 
ontribution

of di�ra
tive disso
iation to the overall di�ra
tive 
ross se
tion is signi�
antly smaller

than in the ep 
ase. The experimental signatures for this rea
tion 
lass are similar to

ep s
attering sin
e the energy 
ow in the forward dire
tion is expe
ted to have almost

the same topology. Calorimetri
 
overage down to � . 1

Æ

in the forward region (see

Se
t. 1.3.2) will allow the dete
tion of most disso
iative rea
tions. Nu
lear break-up is

expe
ted to 
onstitute about 10% of the 
oherent di�ra
tion for a wide range of model

parameters. Forward dete
tors similar to the forward neutron 
alorimeters (FNC) of

the HERA 
ollider experiments will be needed to distinguish these two pro
esses [133℄.

In
lusive DIS di�ra
tion provides a dire
t test of how 
lose the intera
tion is to the

bla
k body limit, where the probability of 
oherent di�ra
tion is 
lose to 50% of the

total 
ross se
tion [141,144{146℄. The same is true for partial 
ross se
tions su
h as for


harm produ
tion or dijet produ
tion in 
A s
attering. Moreover, sin
e the intera
tion

is stronger in the gluon 
hannel, the di�ra
tive 
ross se
tion should be 
lose to 50% of

the 
orresponding total 
ross se
tion in a wider (x;Q

2

) range [137℄. The di�erential


ross se
tion of di�ra
tive produ
tion of states with mass M

2

X

� Q

2

bbl

is also predi
ted

in a model-independent way, see [142℄. Another signature of the bla
k body limit is that

forM

2

X

� Q

2

bbl

the produ
tion of high-p

t

jets is strongly enhan
ed: h(p

jet

t

)

2

i = 3M

2

X

=20.

Ex
lusive DIS di�ra
tion, the produ
tion of ve
tor mesons in the pro
ess 


�

+A!

V + A, provides a 
lean experimental signature if the V de
ay produ
ts are in the

dete
tor a

eptan
e. This will be the 
ase for light ve
tor mesons if either Q

2

or jtj

(the square of the momentum transfer at the nu
leon vertex) are suÆ
iently high, and

for J= and � mesons over the full kinemati
 range. The separation of 
oherent and

in
oherent events will require the same experimental te
hniques as for in
lusive studies
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and 
an in addition make use of the very steep di�ra
tive peak expe
ted for 
oherent

pro
esses. Ex
lusive DIS di�ra
tion yields a dire
t answer to the fundamental question:

Are heavy nu
lei transparent for high-energy small obje
ts like J= or � mesons? In

the region of x � 0:02, eviden
e for 
olour transparen
y was obtained [147℄ by the

observation that the 
oherent J= produ
tion amplitude is proportional to AF

A

(t),

where F

A

(t) is the nu
lear form fa
tor. This 
olour transparen
y regime 
orresponds

to the propagation of a small dipole through a thi
k target with very small absorption.

At small x . 0:01, a qualitatively new phenomenon { 
olour opa
ity { is expe
ted: a

strong absorption of the small dipoles propagating through the nu
lei. In the bla
k

body limit the in
rease of the 
ross se
tion with A will be redu
ed to A

2=3

as 
ompared

to A

4=3

in the 
olour transparen
y limit. QCD also predi
ts the absolute 
ross se
tion

for the ve
tor meson produ
tion in the bla
k body limit. The THERA kinemati
 range

would allow for studying the interplay of 
olour transparen
y and 
olour opa
ity in

a wide (x;Q

2

) range and distinguishing between various models of shadowing for the

intera
tion of small dipoles. In parti
ular, the eikonal model [135℄ leads to a mu
h

smaller 
olour opa
ity e�e
t than the leading-twist models of gluon shadowing based

on the dominan
e of gluons in the di�ra
tive stru
ture fun
tions [137℄.

Measurements with deuteron beams (whi
h probably 
an be polarised without in-

stallation of Siberian snakes using a novel te
hnique suggested by A. Skrinsky [148℄)

would allow the investigation of low-x physi
s in rea
tion 
hannels whi
h 
annot be

indu
ed by Pomeron ex
hange (`non-va
uum 
hannels') by 
ombining in
lusive mea-

surements and te
hniques of neutron tagging [132℄. Measurements of non-va
uum

ex
hange would be given by the stru
ture fun
tion di�eren
es F

p

2

� F

n

2

or g

p

1

� g

n

1

.

Ele
tron{deuteron s
attering would also allow an interesting test of the Gottfried sum

rule,

R

1

0

(F

p

2

� F

n

2

) dx=x = 1=3 + 2=3

R

1

0

(u� d) dx, in a new kinemati
 range.

To summarise, the use of nu
lear beams would in
rease in a major way the THERA

potential for the study of nonlinear QCD phenomena. Several measurements, espe
ially

in the di�ra
tive 
hannels, will determine in an unambiguous way whether the bla
k

body regime is rea
hed and explore in detail a new QCD state of matter produ
ed

at small x. Most of these measurements will require rather modest luminosities of

1{10 pb

�1

per nu
leus [132℄. It would be possible to explore the nonlinear regime in a

Q

2

range extended by at least a fa
tor of 2 with respe
t to ep s
attering by performing

measurements on a series of nu
lei with A � 40, e.g. A = 2; 4; 16; 40.

1.4.2 Real photon{proton s
attering

At a linear 
ollider, laser light 
an be Compton-ba
ks
attered o� the high-energy ele
-

tron beam, o�ering the unique opportunity [149{151℄ to run THERA as a real-photon

nu
leon 
ollider. As has been studied in detail in [149, 152℄, the luminosity for a 
p

ma
hine depends on the distan
e z between the 
onversion region and the intera
tion

point and also on the laser and ele
tron beam heli
ities. An in
rease of z redu
es the

luminosity but also redu
es the energy spread of the photon beam. A 
areful opti-

misation of the operation parameters su
h as the photon and ele
tron beam heli
ities

and the 
ollision angle between the photon and proton beams is required. The basi
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Figure 1.4.3: Dependen
e of the di�erential 
ross se
tion of (a) 
harm and (b) beauty

produ
tion on x

g

in 
p and ep s
attering at THERA.

s
heme for 
onverting the TESLA ele
tron beam into a high-energy photon beam is

des
ribed in appendix I, The Photon Collider at TESLA, of this Te
hni
al Design Re-

port. Given the mu
h larger beam size of the protons, the intera
tion of the laser with

the ele
tron beam 
an happen several meters away from the photon{proton intera
tion

point and thus outside of the dete
tor. Photon{proton luminosities of order 30% of

the ele
tron{proton luminosities 
an be a
hieved.

Compton ba
ks
attering yields a beam of photons with about 80% of the ele
tron

beam energy on average, with a full width of approximately 15%. The resulting photon{

proton intera
tions allow studies of many of the physi
s issues dis
ussed above, e.g.

heavy 
avour produ
tion or photon stru
ture, with mu
h enhan
ed sensitivity. This

is illustrated in Fig. 1.4.3 whi
h 
ompares the di�erential 
ross se
tions of 
harm and

beauty produ
tion in 
p s
attering and in ep s
attering as fun
tions of the gluon

fra
tional momentum in the proton, x

g

. The 
ross se
tion gain at low x

g

is striking. A

similar observation holds for the di�erential 
ross se
tion with respe
t to the photon

energy fra
tion, x

obs




(see eq. 1.2.2), 
arried by the produ
ed dijet system in 
harm and

beauty events as is shown in Fig. 1.4.4.

The main physi
s goals of a THERA-based 
p 
ollider [150, 153℄ are:

� a measurement of the total 
p 
ross se
tion at the TeV s
ale;

� high-statisti
s studies of heavy-quark produ
tion (roughly 10

8

; 10

6

; 10

2

events per

year for 

, bb, tt produ
tion);

� investigation of the partoni
 stru
ture of real photons;

� single produ
tion of W bosons and top quarks;

� sear
h for ex
ited quarks (u

�

and d

�

) with masses up to 1TeV;

� sear
h for fourth-family quarks, Q, produ
ed via anomalous 

Q, 
uQ (Q=t

4

; u

4

),


sd

4

or 
dd

4


ouplings.
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Figure 1.4.4: Di�erential 
ross se
tions with respe
t to x

obs




for (a) 
harm and (b) beauty

produ
tion for the 
p and ep options of THERA.

The photon polarisation will provide important additional information in all these

measurements. In addition, a 
p 
ollider with a longitudinally polarised proton beam

will be a powerful tool for investigating the spin stru
ture of the proton.

Of parti
ular interest is the photon{nu
leus (
A) 
ollider option of THERA (see

Se
t. 1.4.1 and [150, 153℄) whi
h, besides all the investigations mentioned above for

the 
p mode, allows for example detailed studies of quark{gluon plasma formation at

very high temperature but relatively low nu
lear density, or of multi-quark 
lusters in

nu
lei.

1.4.3 Polarised protons

The detailed study of the nu
leon spin stru
ture was initiated by the EMC muon

experiment [154℄, whi
h found that the quark 
ontribution to the nu
leon spin is sur-

prisingly small and that hen
e the nu
leon spin 
annot be understood within the naive

quark parton model. Sin
e then a wealth of data from �xed-target experiments on spin

stru
ture has been a

umulated and spin theory be
ame mu
h more sophisti
ated. The

puzzling question of the nu
leon spin 
omposition is still unresolved (for the present

status see [155℄). The importan
e of extending the kinemati
 range of spin physi
s

by an ep 
ollider has been investigated and emphasised in a series of workshops on

polarised ep physi
s at HERA [156{158℄.

In polarised DIS, the spin-dependent terms only make a small 
ontribution to the

total 
ross se
tion. They 
an be extra
ted from measurements of 
ross se
tion dif-

feren
es for intera
tions with opposite relative orientations of lepton and nu
leon he-

li
ities, in whi
h the spin-independent 
ontributions 
an
el. A 
lassi
 quantity is the
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spin stru
ture fun
tion g

1

, whi
h measures the weighted sum of polarised quark dis-

tribution fun
tions �q and is approximately related to the 
ross se
tion asymmetry,

A

jj

= (�

"#

� �

""

)=(�

"#

+ �

""

), by:

g

1

'

F

2

2x

�

A

jj

�

e

�

p

�

y

2

+ 2(1� y)

y(2� y)

: (1.4.2)

Eq. 1.4.2 illustrates the need for high polarisations, �

e

and �

p

, and a preferen
e for

measurements at large values of y. The ele
tron polarisation at TESLA will be high,

�

e

' 0:8. Polarisations �

p

' 0:6 may be a
hieved in the HERA proton ring. From

eq. 1.4.2 it 
an be dedu
ed that integrated luminosities ex
eeding 100 pb

�1

per po-

larisation state are ne
essary for studying the proton spin stru
ture in a quantitative

manner. Therefore, dedi
ated high-luminosity e{nu
leus ring fa
ilities are under dis-


ussion [159, 160℄ with typi
al energies of

p

s ' 50GeV. High-statisti
s �xed target

experiments are being 
arried out at CERN, DESY and SLAC and proposed to be

pursued at TESLA [161℄.

The outstanding advantage of the THERA fa
ility is the large extension of the

kinemati
 range. Due to the very large 
entre-of-mass energy,

p

s ' 1TeV, the Q

2

evolution 
an be tested, the x range expanded to mu
h lower x and exploratory mea-

surements be performed. In spin physi
s these 
omprise for example in
lusive polarised

deep inelasti
 s
attering and spin asymmetries in jet and dijet produ
tion. For the �rst

time, spin e�e
ts will be measurable in polarised DIS through ele
troweak asymmetries

in CC and NC s
attering.

The study of spin-dependent e�e
ts would be extended to low x and allow for a

test of the Q

2

evolution of g

1

towards highest Q

2

' 10

4

GeV

2

. Important information

on the spin stru
ture 
an be obtained from data on the asymmetry in the produ
tion

of two jets (dijets) or of two hadrons. The polarised gluon distribution �G 
an be

a

essed with dijet events, as was demonstrated in [162℄ for HERA operation with

polarised protons. For THERA, the asymmetries, 
al
ulated with MEPJET and GSA,

are about 6% at x = 0:05 and smaller than 0:5% for x < 0:001. A further sour
e of

information about gluon polarisation at low x is 
harm produ
tion whi
h o

urs with

high 
ross se
tion at THERA (see Se
t. 1.2.2.4).

In
lusive measurements in DIS are sensitive to the sum of all quark 
avours. To

extra
t 
avour-dependent spin information, one presently uses semi-in
lusive s
atter-

ing, an area being a
tively pursued in �xed-target experiments [155℄. In the very high

Q

2

range of THERA, however, CC intera
tions are a new and promising way to a

ess


avour-spe
i�
 spin information, independently of fragmentation e�e
ts whi
h hinder

semi-in
lusive analyses. Thus CC s
attering has been 
onsidered here as an example

to illustrate the THERA potential for investigating the polarised proton stru
ture at

high Q

2

.

In the CC e

+

p and e

�

p s
attering 
ross se
tions, asymmetries 
an be de�ned as

A

W

�

=

d�

W

�

"#

� d�

W

�

""

d�

W

�

"#

+ d�

W

�

""

=

�2bg

W

�

1

+ ag

W

�

5

aF

W

�

1

� bF

W

�

3

�

g

W

�

5

F

W

�

1

(1.4.3)
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x

Figure 1.4.5: Simulated measurements of (a) the asymmetry A

W

�

and (b) of A

W

+

in

CC s
attering as fun
tions of x, as expe
ted at the HERA and THERA fa
ilities with

polarised proton beams. Note that this representation hides the large di�eren
es in the Q

2

range of the HERA and THEA measurements, respe
tively.

with a = 2(y

2

� 2y + 2) and b = y(2 � y), g

W

�

5

= �u + �
 � �d � �s and g

W

+

5

=

�d+�s��u��
. A simulation study has been performed for the measurement of this

asymmetry, requiring the total missing transverse momentum to ex
eed 12GeV. From

A

W�

measurements, the new stru
ture fun
tions g

5

[163℄ 
an be extra
ted following

the method used in [164℄. The results for A

W

�

are shown in Fig. 1.4.5, for a luminosity

of 100 pb

�1

for ea
h polarisation 
ombination, assuming full polarisation. The error

bars indi
ate the statisti
al pre
ision of the measurement. The results are 
ompared

with simulated asymmetry measurements for polarised HERA operation, whi
h will

a

ess lower Q

2

at a given x. THERA will allow su
h asymmetry measurements to

be performed in the CC 
hannel for x values down to below 10

�3

, thus extending the

range a

essible to HERA by one order of magnitude in x and by even more 
ompared

to the proje
ted ele
tron{nu
leus 
olliders. It is expe
ted that g

W

+

5


an be measured

at THERA in the region x & 10

�2

, while for ele
tron s
attering the asymmetries are

large enough to allow for a measurement of g

W

�

5

down to x ' 10

�3

. Both g

5

stru
ture

fun
tions are related by a Bjorken sum rule whi
h is valid for very large Q

2

[102℄.

If any deviation from the Standard Model is found, su
h as R-parity violating

SUSY [165℄, leptoquarks [108℄ or instantons [166℄, it will be parti
ularly interesting to

study the heli
ity-spe
i�
 properties of the 
orresponding obje
ts in ~e~p s
attering at

THERA.
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1.5 Summary

A new ele
tron{proton 
ollider, THERA, based on the linear a

elerator TESLA and

the proton ring HERA, 
an be built at DESY. With ele
tron energies between 250

and 800GeV and proton energies between 500GeV and 1TeV, THERA opens a new,

unexplored energy range in deep inelasti
 lepton{nu
leon s
attering. Design 
onsidera-

tions of the THERA fa
ility lead to preliminary estimates of the a
hievable luminosity

between 4 and 25�10

30


m

�2

s

�1

(
orresponding to annual luminosities between about

40 pb

�1

and 250 pb

�1

), depending on the beam energies. Relying on the experien
e

and some 
omponents of the H1 and ZEUS experiments at HERA, a dete
tor design

is presented whi
h promises to allow su

essful experimentation at THERA at the re-

quired level of a

ura
y and in the full kinemati
 range. Operation of THERA 
an be

envisaged to pro
eed in two phases, one dedi
ated to the physi
s at very low Bjorken

x and the other to extremely high momentum transfers Q

2

.

A study is presented of those physi
s subje
ts whi
h, based on present results of

HERA and theoreti
al extrapolations, are 
onsidered to most likely govern the future

physi
s of deep inelasti
 s
attering and photoprodu
tion in the TeV energy range.

Important aims of THERA are the understanding of strong intera
tions in the presen
e

of high parton densities, a 
oherent des
ription of the transition from small to large

distan
es and the exploration of new parti
les and phenomena. The dete
tion of the


omplete �nal state and high a

ura
y in the measurements allow a ri
h experimental

and theoreti
al programme of resear
h to be performed in the unexplored region. This

will test QCD as the theory of strong intera
tions in mu
h more depth than 
ould be

rea
hed so far.

The results of the THERA studies [3℄ 
an be summarised as follows:

� The extension of the kinemati
 range down to x ' 10

�6

allows a

ess to the high-

parton-density domain and its detailed exploration in the deep-inelasti
 regime.

Studies of the saturation phase of matter are expe
ted to yield insight into the

question of 
on�nement. These studies require the measurements of in
lusive DIS,

of light and heavy ve
tor meson produ
tion and of di�ra
tion. These results will

allow the transition from the perturbative to the non-perturbative QCD regime

to be understood mu
h better than presently.

� The measurement of proton stru
ture fun
tions at THERA will be essential for

determining quark and gluon distributions in the proton in an unexplored kine-

mati
 region. This will be 
ru
ial for a 
onsistent theoreti
al des
ription of low-x

phenomena, whi
h so far is elusive, and also for understanding the intera
tions

at hadron 
olliders and of highest-energy 
osmi
 parti
les.

� The nature of di�ra
tion will be studied in a mu
h extended phase spa
e region of

the fra
tional proton longitudinal momentum loss, x

IP

, and the ratio � = x=x

IP

.

The rise of the di�ra
tive stru
ture fun
tion F

D(3)

2

will be explored a

urately,

whi
h, together with the in
lusive F

2

, 
onstitutes one of the key measurements

to investigate the properties of the saturation region.
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attering at

p

s � 1TeV

� The study of forward-going jets at THERA is expe
ted to reveal the me
hanism

for the evolution of QCD radiation at low x. The in
reased range for the Q

2

evolution of parton densities will allow a pre
ision measurement of �

s

to the level

of 0:5%. This is a

ompanied by major theoreti
al e�orts to 
al
ulate QCD to

next-to-next-to-leading order.

� The total 
ross se
tions for 
harm and beauty produ
tion are expe
ted to in
rease

by fa
tors of three and �ve, respe
tively, as 
ompared to HERA. This will allow

the stru
ture fun
tions F




2

and F

b

2

to be measured pre
isely, heavy-quark QCD

predi
tions to be tested and the gluon distribution in the proton to be determined

from the photon{gluon fusion pro
ess at mu
h lower x.

� THERA will operate beyond the ele
troweak uni�
ation s
ale and is thus a truly

`ele
troweak intera
tion ma
hine'. The measurement of neutral and 
harged 
ur-

rent 
ross se
tions will allow the 
avour 
ontent of the proton to be unfolded at

very high Q

2

and large x, in
luding the region near x = 1.

� THERA will probe physi
s beyond the Standard Model. In parti
ular, lepto-

quarks or squarks in supersymmetry with R-parity violation 
an be produ
ed

and their 
ouplings determined in a rather 
omplete manner. THERA is very

sensitive to four-fermion 
onta
t intera
tions and probes 
ompa
ti�
ation s
ales

up to about 2:8TeV via t-
hannel ex
hange of Kaluza{Klein gravitons in mod-

els with large extra dimensions. THERA will extend the sear
hes for ex
ited

fermions to masses of up to 1TeV.

� The photon stru
ture will be resolved at harder s
ales and lower x




. The higher


ross se
tion for heavy-
avour produ
tion will permit the 
harm and bottom


ontent of the quasi-real and virtual photon to be explored. Photon stru
ture

studies at THERA will be 
omplementary to the investigations in 

 and e


rea
tions at TESLA.

� The a

eleration of nu
lei in HERA allows the investigation of ele
tron{nu
leus

s
attering in a very high energy range. This may lead deep into the region of high

parton densities at low x and to phenomena su
h as saturation or large leading-

twist shadowing. In eA 
ollisions, 
oherent di�ra
tion is expe
ted to represent

about half of the total intera
tion 
ross se
tion.

� A further option of THERA 
onsists in 
olliding a high-energy quasi-mono
hro-

mati
 beam of real photons, produ
ed by ba
ks
attering laser light o� the TESLA

ele
tron beam, with the proton beam from HERA. This would extend the �eld

of real-photoprodu
tion studies into the TeV range and would allow for high-

statisti
s studies of heavy-quark produ
tion at low x.

� Polarised proton{ele
tron s
attering at THERA allows the study of the spin

stru
ture of the proton and its theoreti
al interpretation in QCD to be extended

into an hitherto unexplored kinemati
 range of low x and large Q

2

.
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THERA represents a unique, 
ost-e�e
tive fa
ility for investigating the stru
ture

of matter down to distan
es of about 10

�19

m. As su
h it 
ontinues the long tradition

of lepton{nu
leon s
attering experiments. Similarly to HERA, whi
h has been the ep


ompanion of the pp and e

+

e

�


olliders Tevatron and LEP, the THERA fa
ility will

yield information 
omplementary to the LHC and to TESLA, utilising the ri
h physi
s

potential of deep inelasti
 s
attering in the TeV range of energy.
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