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Abstract

This document outlines the case for a programme of electron-deutertberscamea-
surements at HERA using the H1 detector. The goals oftHe programme are to map the
partonic structure of the nucleon at lar@é and lowz, to explore the valence quark dis-
tributions at the highest values, to provide a precise measurement of the strong coupling
constant and to investigate the parton recombination phenomena reveatetiowing
and their relationship to diffraction. The importance of these measuremerkefander-
standing of the perturbative and non-perturbative aspects of QCglhtabe responsible
for nucleon structure is discussed, as is the significance of the measuseimefuture
experimental programmes. Some modifications to both the H1 apparatus an&R#e H
accelerator are necessary to realise this programme; these are ptéseéhtedocument.
Mention is also made of questions that will remain unanswered following the letiop
of the above programme and the potent@érof HERA and of H1 in investigating these
questions is outlined.
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1 Introduction

Quantum Chromo-Dynamics (QCD) is one of the cornerstoneseoStandard Model (SM),
and purports to explain the strong interactions that ocetween hadrons. As such, it is of
enormous significance for our understanding of the Univeapproximately99% of baryonic
mass is thought to arise through the dynamics of the strotggaiction. Many years of ex-
perimental and theoretical effort have shown us that QCD isxdremely rich theory. New
calculational techniques have been developed such asé&@tuge Theory and Heavy Quark
Effective Theory and highly sophisticated perturbative QGQCD) calculations are now being
carried out to NNLO. Deep inelastic scattering and otheeérpents have provided a wealth of
new information, for example they have revealed that theitlenf gluons in the proton is huge
and discovered the phenomenon of hard diffraction. Despiseexperimental and theoretical
progress, QCD is in some respects the area of the SM that islelisinderstood: the precision
with which the strong coupling constant is known is notaldger than that of the couplings in
the electromagnetic and weak sectors; the mechanism thatesnquarks are confined within
hadrons is not known and it is still not possible to relate sneaments of hadronic structure to
the fundamental theory. Developing a deeper understaradi@QgCD therefore remains one of
the primary goals of, and one of the most fascinating taskp#uoticle physicists.

How can progress be made in a situation in which our level ofeustanding is such that
no set of “definitive” measurements can be proposed whichamgwer the many remaining
questions about QCD? Part of the answer, towards which fustieps are presented here, is
to extend the experimental data available, both in theunea&and their precision, so that they
provide ever stronger guidance to those attempting to desstrong interactions in terms of
QCD. This programme involves performing new measuremenkgdfon structure in the re-
gions in which current data indicate our understanding @ @st, in some cases where the non-
perturbative aspects of QCD, including the confinement n@sha may have a significarile
to play. New data will also be required in areas in which aurreeasurements hint at puzzles
that require further investigation; the data from the filsage of HERA running, “HERA”,
suggest that there is a new layer to proton structure, atla e€about a third of the proton’s
diameter. Further aspects of the possible future programwaédve obtaining data on the be-
haviour of quarks and gluons in new regions, such as at highkityan nuclei. Investigations of
the relationship between the spin carried by the nucleortla@dpin and angular momentum of
its constituents may also be carried out in completely neweikiatic regions. Experimentally,
HERA has so far been used to investigate only the interactbpsotons with electrons and
positrons. The potential of the facility has thus in no wagibexhausted. Collisions with ions,
variations of the beam energy and the possibility of nuclealarisation remain to be explored.

This Letter of Intent expresses the wish of the authors tadhese&lERA collider and the H1
experiment to pursue the next step in the programme sketdt@ee following the completion
of the current “HERA 11" running period. The investigation tbfe interactions of electrons and
positrons with deuterons at high energy will make possitearecise measurement of the con-
tributions of the different quark flavours to nucleon sturetand of the strong coupling constant.
Direct investigations of some of the non-perturbative @fehat may influence nucleon struc-
ture can also be made, as can new studies of diffraction atietafynamics of gluon radiation.
Section 2 describes this part of the above programme in metegl dThis new phase of HERA
operation, “HERAIII", could be started soon after the conipie of HERA Il running with
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minimal upgrades to the H1 detector, or after a shutdown irclvimore extensive upgrades to
the detector and possibly modifications to the H1 interactemion were made. Where appro-
priate, reference is made to possible extensions of the@muge beyond the electron-deuteron
running, including studies of low physics and QCD at high parton densities, discussed in
section 3, and of nucleon spin, described in section 4.

Section 5 describes the possible upgrades to the H1 detddtwe of these, the addition
of a new spectrometer to measure protons exiting the H1 wetetth approximately half the
deuteron beam energy, is essential for the deuteron progesamd can be performed with the
current HERA 1l opticsj.e. with the superconducting magnets in place within H1, or viliid
optics that pertained for HERAI runninge. without superconducting magnets. The other
upgrades require the removal of the superconducting magmet would make possible the
low = extension to the deuteron programme, including electoonscattering as discussed in
section 3. The spin programme would benefit from the high hasities attainable with the
superconducting magnets in place. Detailed planning of th@se various possibilities may
best be realised must await developments at DESY and elsewHde last section of this
Letter of Intent, section 6, describes some of the modificatthat must be made to HERA to
realise both the deuteron programme and the extensionsienitioned above.

The current efforts of the H1 and ZEUS Collaborations arectiae towards obtaining the
highest possible precision in measurements at the leptarkenergy frontier, in probing pro-
ton structure down to length scaleslof fm and in studies of jet and heavy flavour production
using the integrated luminosity affo~! that will be provided by the upgraded HERA collider.
These studies may lead to major new discoveries, in whicé tesfuture HERA programme
would have to be reconsidered.

2 Electron Deuteron Scattering at HERA

2.1 Introduction

Our current level of understanding of the high energy irdoas of the deuteron, and hence of
the neutron, lags dramatically behind that of the protois dlsistrated by our knowledge of the
total cross sections [1], shown in figure 1. A programme oftets-deuterondd) scattering at
HERA would allow measurement of thé) andyn cross sections up to centre-of-mass energies
of 320 and160 GeV respectively, more than an order of magnitude above uherat limits,
improve our understanding of the structure of the neutrae,af the most prevalent hadrons in
the universe, and provide new data for studies of QCD.

We consider first the deep inelastic scattering (DIS) oftedexs and positrons with protons,
then move on to discuss what can be learnt through the study sfattering. Some of the
kinematic variables used in the description deep inelagtinteractions are shown in figure 2.
The electron interacts with a quark in the proton via the arge of a virtual photon of
boson which carries momentum= k — k', wherek is the four-momentum of the incident and
k' that of the outgoing electron. The larger this momentumsthaller the region probed within
the nucleon, the scale generally being described by thahlai®? = —¢?. Further quantities
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Figure 2: A diagram illustrating some of the kinematic vahes used to describe deep inelastic
electron-proton scattering.
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used to describe DIS are the Bjorken scaling variable % andy = . Bjorkenz is

the proportion of the proton’s momentum carried by the strgigark in a frame in which the
proton’s momentum is large. The quantitylescribes the proportion of its energy the electron
loses in the scatter, in the frame in which the proton is dt fBse HERA electron and proton
beam energies . = 27.5GeV andE, = 920 GeV, respectively, have allowed access to the
approximate ranged) > < x < 0.7 and0 < Q* < 30000 GeV2. The latter demonstrates that
HERA is able to investigate proton structure over transveisances ranging from the proton

H ~ ~ 0.2 GeV fm ~ -3 H
radius,r, ~ 0.8 fm, all the way down tal V@ GV 10~?fm, a little over one thousandth
of the radius of the proton.

In the one photon exchange approximation, the cross sefctiaglectron-proton scattering

can be written

d*o 2ra?

Tod = agr Y FE@ Q) = (1= Fp(, @),
whereY, = 1+ (1 — y)? ande = 20-% is the polarisation of the exchanged virtual photon.
At small y, transversely polarised virtual photons dominate whilegltudinal photons take
over at largey. The contribution to the cross section of the structure tioncF? (z, Q?) is
independent of the photon’s polarisation, whereas thetiodigal structure functiod? (z, Q?)
only contributes at higly, where the exchanged photon has polarisatien0. These structure
functions give access to different aspects of proton sirect

o FJ(x,Q%) = 235,Q2(q(x, Q%) + q(z,Q*)), where the sum runs over the quark flavours,
the fractional quark charges are given @y and the probability of finding a quark or
anti-quark of flavouy carrying a proportion: of the proton’s momentum at a sc#)® is
given byq(x, Q?) or q(x, Q?), respectively.

o FP(z,Q% ~ as(Q*)zg(x,Q?), whereg(z, Q?) is the probability of finding a gluon car-
rying a proportionz of the proton’s momentum at a scag.

Measurements aof} (z, Q?) and F¥(z, Q?) therefore make possible the direct determination of
the proportion of the proton’s momentum that is carried bgris and gluons, respectively.

One of the discoveries made by the H1 and ZEUS experimentdSraDHERA was the
dramatic increase of} (z, Q%) towards lowz. FY(z,Q?) is seen to behave like=* with )
increasing from aboud.2 to 0.3 asQ? rises from10 to 100 GeV?. We note that the rise of
FP(x, Q%) must be tamed at some point. The requirement that the dogtteatrix be unitary
implies that ultimatelyF} (z, Q%) cannot grow faster tham® z. From the measurements of
FP(x,Q?%), it was deduced that the number of quarks and hence alsogjindhe proton rises
sharply asr decreases. The extraction of the gluon density in the proterguantityrg(z, Q?)
is the number of gluons per unit rapidity, relies on the agstion that the so-called “sea” quarks
atlowz, which contribute ta+} (z, %), are produced via gluon splitting,— ¢g. Measurement
of F7 in the DIS region? > 5 GeV#, and hence a more direct extraction of the gluon density,
requires extended data taking at lower proton beam enefgieseen for the current HERAI
running period.

Unfortunately,e*p scattering data do not allow the contributions of the déferquark
flavours to proton structure to be precisely identified. Teguires information on the struc-
ture of the neutron that can only be obtained in the requiredrkatic region via the study of
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electron-deuterorel) scattering at HERA, as is described below. The resultingrmétion on

the distributions of the different quark flavours in the prots of interest to future experiments,
for example the cross section for ultra-high-energy neatriucleon interactions is dependent
on the assumptions made on the leveomposition of the nucleons, but more importantly it
IS interesting in its own right. Perturbative QCD sugges#t the distributions off andu sea
quarks, labelledi(x, Q?) andu(z, Q?) respectively, are the same; an expectation that is not
borne out by experiment. This may indicate the influence of perturbative effects on proton

structure, perhaps associated with the breaking of chyrahsetry in QCD.

A further discovery of the ZEUS and H1 experiments in DIS waes $urprisingly large
number of “rapidity gap” events in which the proton remaimsct or dissociates into a system
of small mass)My < 1.6 GeV. These interactions, which can be thought of as ocaywith a
colourless component of the proton, offer the possibilftyzeestigating the structure of diffrac-
tion, the process responsible for the vast majority of hadvadron collisions. Measurements
in e*p scattering of the diffractive structure functi(ﬁf ®) analogous td"?, suggest that this
structure is dominated by gluons, with the majority of thenmemtum exchanged in diffraction
being carried by one gluon. Yet the process must involveg@st) two gluons, as no colour
Is exchanged. Investigating rapidity gap eventsdrscattering will allow comparison of the
structure of diffraction involving protons with that inwahg neutrons and also their coherent
superposition, when the scattering involves the deutesoa wahole. If this structure were to
prove the same in all cases it would raise some thought-gnog@uestions. How, for example,
can we reconcile our picture of partons confined within noictewith diffractive interactions
involving gluons associated with both the nucleons in thetelen? As is described below,
further insight into these processes is provided by corsparof the total cross section fed
scattering with the sum of the anden cross sections. Studies of the hadronic final state will
also aid the development of our understanding of these eaheffects.

Experimentally, HERA offers unique possibilities for thedy of ed scattering. The high
centre-of-mass energy allows charged current interagtiore studied, in which 8 boson
is exchanged. This makes possible the disentangling ofdah&ibutions of the various quark
flavours to nucleon structure at high The HERA colliding beam geometry makes possible
the detection of the “spectator” nucleon dd interactions. For example, if the underlying
interaction isen — eX, the spectator proton from the deuteron continues downehenlpipe
with approximately half the energy of the beam deuteronscande measured in an appropriate
downstream proton tagger. The colliding beams also alldailgel studies of the hadronic final
state; the detection of rapidity gaps will be as importand@ in the study ofed scattering
as it was in the discovery of hard diffraction in DIS during tlirst phase of HERA running,
HERAI.

2.2 Structure Functions and Parton Distributions

The ep collider HERA has extended the kinematic range explored Vejphon-nucleon scat-
tering experiments by two orders of magnitude towards lowl&jo x and high momentum
transfers squared)?. The neutral and charged curreptscattering data at highy? have also
provided information on parton distributions at largeDespite the increasing precision of these



measurements, the availability of lepton-proton data dolys not allow the parton flavour con-
tent of the nucleon’s structure in the newly opened kinecnainge to be completely resolved.
This, however, can be accomplished byeaD scattering programme which provides access to
the neutron structure in the newly accessed range.

2.2.1 Flavour asymmetry of sea quarks at lowe

In perturbative QCD, the sea is expected to be flavour symem@this prediction was first found
to be violated in a measurement by the NMC Collaboration [Zhefdifferencery (z, Q%) —
F(x,Q?) for 0.004 < = < 0.08 which implied a violation of the Gottfried sum rule [3]e.

a significant positive difference of the sea quark distidng d anda. This surprising result
was confirmed in Drell-Yan experiments, initially by NA51 g « = 0.18 and extended to the
wider range 0f).02 < = < 0.345 by the E866/NuSea Collaboration [5]. The asymmetry of the
sea quarks at low has yet to be measured.

The observation of a non-vanishirg « difference has been intensively discussatterms
of Pauli exclusion at the quark level [7], of parton satwa(8], of distortions in the negative
energy Dirac sea related to quark confinement [9] and of mgsion) cloud models [10] in
which the dominance of thetn Fock component over the" A** state in the proton suggests
that the difference — @ is positive.

HERA provides the unique possibility to measure the sea gasyknmetry down to very
low z for a wide range ofQ%. This will pin down the flavour composition of the partons
responsible for the rise dff (z, Q?) towards lowz, allowing full pQCD based unfolding of the
parton distributions. So far all NLO QCD analyses assumedhatz tends to zero at low,
that is they setd, = A, and B, = B, in the lowx parton parameterisatiof(z) « A, - zP
at some initial scal&)?. As is illustrated in figure 3, these assumptions lead to &ficzlly
narrow uncertainty band for the parton distributions deteed in the fitting procedure [11].
In an unconstrained fit, the uncertainties become largenat:Jdecoming as large as 50% for
the down quark distribution at ~ 10~%. The uncertainty of the resulting asymmetty- @
increases dramatically towards lawas is demonstrated in fig.4.

The measurement of the— @ asymmetry at low: is of importance for various aspects of
LHC physics, including the measurement of the luminositincd luminosity determination
based on reactions such as elagjicscattering is limited to about 5% accuracy, challenging
proposals are being pursued to determine the luminosite mecisely by measuring the pseu-
dorapidity distribution of leptons resulting from the dgaz Z and W+ bosons produced in
reactions such asd — W at the LHC [12]. Understanding the measured rates fifmand
7 decaysj.e. the full set of quark and gluon contributions to higher osdier pQCD, will be
much facilitated by accurately disentangling the sea qdistkibutions at lowr at HERAZ. Note
that boson production ipp scattering depends on processes suatsas W' andcs — W~
as well as gluon initiated processes. Generalyproduction from sea quarks is a bench-mark
process [13] of high cross sectionzat colliders, and the determination of the lawsea quark

1Considerable interest exists in the flavour asymmetry imdawclei as compared to the free nucleon which
requiresc A collider data for a pair of mirror nuclei with proton and neut enriched structure, respectively [6].

2The “partonic” luminosity measurement at the LHC covers dewiange of low values of Bjorken, deter-
mined byz,, x z7 =M%, /s = 3.3 x 107° for 7 TeV beam energy.
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distributions is thus essential for monitoring new paetipfoduction at the LHC. Withoutd
scattered at HERA the partonic structure of the nucleon dammapped completely in DIS.

Further interest in the behaviour of the sea quarks atdavises from superhigh energy
neutrino physics which is being pursued at various neutetescopes [14], including the ex-
periment AMANDA at the South Pole. Due to their feeble int#i@ns, neutrinos traverse the
universe almost without attenuation and deflection, tleeespointing back to their sources.
They thus offer a unique possibility to investigate astymptal objects at large distances and
the as yet mysterious mechanisms of hadron acceleratidretbighest energies. In addition,
highest-energy neutrinos are expected to probe our uraelisy of the transport of cosmic
rays through the universe (GZK neutrinos).

For the interpretation of the data of the neutrino telesspps well as for the optimisation
of their design, a detailed and precise knowledge of thermeutross sections with nucleons
and nuclei and of the respective parton distribution fuori (PDFs) is essential, as can be
demonstrated by the following three examples:

e The measured neutrino flux (diffuse or from a specific sourdejred from the observed
event rates is inversely proportional to the neutrino ceasgion.

e The relationship between the measured energies of the dagoleptons and the initial
neutrino energies depends on the relationship betweerpthenal down-type quark and
anti-quark distributions in nucleons and nuclei.

¢ Neutrinos with energies abo®(100 TeV) are absorbed in the Earth with a non-negligible
probability. The interpretation of the measured angulsatriiution thus requires the cal-
culation of the “survival probability” of a neutrino as a fttion of its energy and its path
length through the Earth, which in turn depends on the neutitoss sections and hence
the PDFs.

Currently, highest-energy neutrino cross sections areltzdéx on the basis of the Standard
Model and standard sets of PDFs extrapolated to unexplaresiiatic regions using pertur-
bative QCD and heuristic assumptions about their functiborah. Higher energies involve
lower values of Bjorkene, higher values of)? and the contributions of third-generation quark
distributions that are negligible at HERA. The uncertamiieduced by the required extrapo-
lations, in particular to lowet:, are generally thought to be of the order of a facto® of. 10
at the highest neutrino energies, although some authareatstthat these uncertainties are
of the order of 20% [15, 16]. As has been emphasised in [18]aticurate knowledge of the
parton distributions is essential for possible discowerseich as observing the effects of extra
dimensions, since neutrino astrophysics accesses en@gheyond the energy scale of current
accelerators

We also note that the unpolarised sea quark asymmetry @®woportant information on
the polarised sea quark distributions [18].

SHERA data frome A scattering will provide new information on lowparton behaviour as the parton density
in nuclei is high, effectively allowing loweg to be probed than withp at a given centre-of-mass energy, see
section 3.5. This is of particular interest with regard te tfuestion of the saturation of parton densities at values
of = relevant to neutrino scattering &, ~ 10% GeV. Such saturation must occur at somealue due to unitarity
considerations, se=g. [17].
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A precise measurement of the flavour asymmetry can be madetfre difference of the
proton and the nucleon structure functions which, for 4 flagpare given by

Ff:%Hmﬂﬂh+8ﬂ+Zf+&+ﬂﬂ (1)

and

1 - 5} 1
FN = §(F§’ + Fy) = 3[5(% +dy)/2 4+ 5+ 5d + 8¢ + 2] = EIE - gx(s —¢c), (2
whereu, andd, are the valence quark distributions and we are assumingihata, d, = d,
¢ = cands = 5. Here,X is the singlet combination of parton distributiods= > ¢ + g, and
2FN = F¢, the structure function of the deuteforihe nucleon and proton structure function
difference at lowr, where the valence quark distributions are negligiblddgie

Fy_wzgw_m. (3)

A simulation [19] of this measurement using the present Hiaegtus and systematic uncer-
tainties, as achieved in the lo®? H1 precisionF}, data [20], is shown in figure 5. Correc-

tions for the effects of shadowing can be applied with theeasary precision (see section 2.3
and [21,22]). The accuracy of this measurement is estintated about 0.03 which is an order
of magnitude more precise than the uncertainty obtained thi¢ current data in an uncon-

strained fit.

The exploration of the low: behaviour of the neutron structure function andfsdepen-
dence requires a luminosity ef 20 pb~*.

“We reserve the expressidif for the structure function of the deuteron and use the syﬂ)ﬁﬁl(4) andF,’ ®)
to refer to the diffractive structure functions of the nuele distinguishing between nucleons with an additional

subscript where necessary.
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Figure 6: Ratio of the deuteron to the nucleon structure fanstcalculated in the relativistic
off-shell model (solid) and on-shell model (dashed) inglgdFermi motion (left). Neutron

to proton structure function ratio for the SLACV DIS [27] data using the off-shell and the
on-shell model of the deuteron (right). Both figures are tekem [28].

2.2.2 Valence quarks at larger

A further reason for the interest i is the possibility it offers to disentangle the valence guar
distributions at larger. The recent observations of large cross sections at hjgat FNAL
illustrate the importance of accurate knowledge of thend d quark distributions at high

in the search for new phenomena. Moreover, measuremenke drell-Yan cross sections
in pp andpD collisions [23] by the E866/NuSea Collaboration suggest ttia valence quark
distributions at highr may be overestimated in the global fit analyses. Recentlyjta fimit of
0.2 ford,/u, atx = 1 has been introduced in fits [24], instead of the conventiasalmption
that this ratio approaches zero, see also [25].

In the highz region, the ratio of the proton to neutron structure fungdies bound byt /4

and4 according to the relation
F} . 1+4dv/uv‘ @)

Fy 44dy/u,
In naive SU(6), this ratio approaches 2/3 sinfe: = 1/2, while it is 1/4 if scalar diquark
dominance is assumeide. if d/u = 0. Light nuclei, in particular deuterium, can and have been
used to determine the neutron structure functigh{z, Q?) at highz. At the highest values
measured by BCDMSy = 0.75, the ratio% was observed to b@.326 + 0.028(stat.) at

Q? = 60 Ge\~ [26].

A major complication in such measurements is the sizeablecions that must be applied
for nuclear binding effects. Depending on the model assiamgtrather large differences arise
in the ratio of the proton and neutron structure functionsciwhas is illustrated in figures 6
and 7, may exceed the difference between the expectatiaosioed above.

The measurement of th&'« ratio at H1 using deuteron scattering can profit from two im-
portant advantages over previous fixed target experiméagging of the spectator proton and
reconstruction of its momentum to an estimated accuratyw&ee section 5.2. The latter point
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Figure 7: Effect of nuclear corrections on the structurecfiom ratio £/ F% from the NMC
data as studied by the CTEQ collaboration [25].

allows reconstruction afn scattering with much reduced Fermi motion correcttoioreover,
radiative corrections, which are known to be sizeable dt hjggcan be much reduced by requir-
iIng momentum balance as is possible with the HERA detectorsalge the cross section drops
rapidly (with (1 — z)3) towards highz, luminositiesO(50 pb!) will be required to access this
region. Data need to be obtained in a proton run with a beamggmé half of the nominal
value, and ired mode in order to ensure at least partial cancellation of yiséesnatic errors.
The simulated result of such a measurement is illustratéidgume 8. The expected systematic
errors need further evaluation. It is clear that measutegsteep decrease of the cross section
towards larger is a challenge for the unfolding procedure and the deteeswlution, both of
which require further study. These factors will determime tnaximume that can be measured.

In ep scattering a complementary determination of the behawbtlre valence quark distri-
butions at large: can be obtained from high luminosity charged current cress@ measure-
ments, ond, from positron-proton scattering and ap from electron-proton scattering. More
accurate data o2u, + d, will become available from the interference structure fiorcs F;.
These measurements are free of nuclear corrections butf@veery large luminosity, the ac-
cess to the high region will be statistically limited because of smallnesshe weak charged
and neutral current cross sections and the unfavouratiégendence.

2.2.3 Parton distributions and measurement of the strong agpling constant

The strong coupling is the least well measured of the fundéaheonstants of nature, see
table 1, despite the efforts of many experiments and thee@asing precision and complexity

SRecently an experiment was endorsed at JLAB which aims tsure&The Structure of the Free Neutron via
Spectator Tagging” fo@? from 1 to 5 Ge\? andW near the resonance region [29].
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for ep and fored scattering.
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Coupling constant or mass Value Relative experimental errgr
Fine structure constant 1/137.035999 76 (50) 3.7x 107
Fermi constant ¢ 1.166 39 (1) GeV? 8.6x 10°¢
Z boson mass 91.1876(21) GeV 2.3x 10°°
W boson mass 80.423 (39) GeV 4.8x 104
Gravitational constan® y 6.673 (10)10~ ! m3kg~'s2 1.5x 103
Strong coupling constaat, (M) 0.1172(20) 1.7 x 1072

Table 1: Coupling constants and gauge boson masses cheiagténe SU(3x SU(2), x U(1)
standard model of parton interactions and gravitation ffpjnContinued efforts are needed to
improve the accuracy of measurements.Qf

of theoretical calculations [34]. The behaviour of the dmgpconstants [35], and even their
possible time variation in a world with extra dimensionshessubject of active discussions [36].

A recent H1 measurement of, based on H1 and BCDMS DIS data [20], provides one of
the most precise determinations of this coupling, with greeimental precision of.5 x 1072,
see also [37]. An analysis of all available DIS data has datexd o, to NNLO using all
available moments with an accuracy and value close to thadtghed in the Particle Data Book,
see [35]. As is well known, the use of muon fixed target dataéndetermination of the strong
coupling constant is problematic. The BCDMS data faxgéo be very small{ 0.110) while
the NMC data require that higher twist corrections be madarder to weaken the otherwise
strong dependence af, on the minimumQ? used [38, 39]. This suggests that data should be
taken in an extended period of low energy running at HERA uith= 460 GeV, as is also
advisable for the 920 Ge¥d programme, in order to re-measure the higtegion at moderate
values of()? with the collider detectors. These have the advantage ofunies the kinematics
with both the scattered electron and the hadronic final staggeby reducing the systematic
errors and radiative corrections considerably. The pdggibf suppressing nuclear corrections
by the tagging of spectator nucleons means the HERAata will be of higher quality than
hitherto in such analyses.

In order to determiney, to better than the world average accuracy, the HERA inclusive
cross section measurements need to be improved in accurd®law the per cent level.e.
by a factor of 3. This is possible for the H1 apparatus withlstatistics by using redundant
tracking and high resolution calorimetry [40]. Th#e of deuteron data in this programme was
sketched back in 1996 in an analysis of simulated data prithret recent H1 QCD studies [41].
They constrain the non-singlet parton distributions ang flead to improved stability of the fit
results and determinations of non-singlet structure fonstat smallkc. The evolution of the
differenceFy — Fy' is independent of the gluon distribution and thus providesnéeresting
determination oty which is free of the dependence on the shapegoivhich is problematic in
FY analyses [39]. The measurement of this difference with thelétector can be performed in
awide region of: and@?, testing thén Q* evolution up to large)? values. In order to estimate
the genuine impact of thel data on a precision measurement@fa new, dedicated study is
required using the latest fit techniques and more apprepasgumptions on the accuracy of the
cross section measurement. The expectation is that thesjoreof thea, measurements will
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Figure 9: Simulated measurement of the difference of tlamgr and charm sea distributions in
the nucleon from a comparison of the structure functidsfsand W3, determined in NC and
CCe*d scattering. The estimated uncertainty, which is dominhtethe statistical accuracy of
CC data, is based on a luminosity of 100 pkand includes acceptance and trigger efficiency
corrections.

improve and become much more stable in conjunction with niy@aeved information on the
PDFs. IN this measurement, precision datafgnare expected to be of crucial importance as
they help to fix the initial gluon distribution.

With the precision measurementsedfp and tagged*n NC and CC cross sections, includ-
ing the charm, beauty and strange measurements, the Hliraepémwill be able to accurately
and consistently determine all parton distributions: thmg distributionzg; the quark distri-
butionsa, d, u, d, s, ¢, b and the up and down valence distributions in a broad andrhithe
inaccessibler range, as well as investigating their evolution as a fumatibthe scale.

A further example of this is the determination of the diffece of the strange and charm
distributions. The reduced charged currehiscattering cross section

ol =Y, WFFY aWs (5)
can be simplified by using the relations
WY = afuy + dy +2(a+d+s+2)]  aWi" =zf(uy +d,) +2(s —2)]  (6)

Wy N =afuy +dy+2@+d+5+0c)]  aWy ™ =z[(uy+d,) —2(5—0¢)]  (7)

for the charged current structure functions. For an isesdarget, and assuming= s and
c = ¢, there is only one CC structure function)¥ = 2%, independent of the lepton beam
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charge, whiler1V; measures the sum of the valence quark distributions withal s@rrection
+(s — ¢) in e* scattering. The combination — ¢ becomes directly accessible through the
relationship

s—c:gWQN—BFZN. (8)

This measurement has been simulated, see figure 9. Therathee striking differences be-
tween the predictions of different global analyses regaythes — ¢ distribution which may be
resolved in a high statistics measurement. The deterramafis — ¢ andc, with forward charm
production at highQ? andz is of interest for testing the hypothesis of intrinsic nacieheavy
flavour [42] and, as was noted above, for the partonic luniiyposeasurement at the LHC. The
determination ok resulting from an analysis such as that sketched here i@t be more
accurate than the complementary study of strange quarkiptiod based on the observation of
charmin CC.

The programme of unfolding the parton distributions is Hagtinating in its own right and
essential for predictingp and neutrino scattering cross sections. Neither the fisstosdtery
phase of HERA nor the high luminosity run which are just begjigrare able to complete this
programme, as it requires the exploration of the partonmpmsition of the neutron as well as
that of the proton.

2.3 Nuclear shadowing in deuterium

So far we have concentrated on the measurements of nuclaariusé that the HERAIII
electron-deuteron scattering programme will make possiblowever, studyingd collisions
with HERA will also allow the first check to be made of the deemroection between the
phenomena of high energy diffraction and nuclear shadaqvariginally demonstrated by Gri-
bov [43]. An understanding of shadowing is also necessagp#dle correction of the measure-
ments ofF’ for nuclear effects.

Nuclear shadowing in DIS on the deuteron arises from theference between the am-
plitudes for the diffractive scattering of the projectilé the proton and the neutron in the
deuterium target. Such interference is possible at small< 5 x 1072, where the minimum
momentum transfer to the nucleenzmy, wheremy is the nucleon mass, becomes smaller
than the average nucleon momentum in the deuteron. Thespomding double scattering dia-
gram for they*d scattering, whose imaginary part is, through the opticadtbm, proportional
to some cross section that is commonly cabigdleads to a diffractive final state and increases
the probability of diffraction on the nucleus lw (here, we neglect small effects associated
with the real part of the elementary diffractive amplitudeee below). Application of the
cutting rules of Abramovsky, Gribov and Kancheli [44] deratrates that the interference dia-
gram decreases the total cross section/farscatteringj.e. it leads to nuclear shadowing with
magnitudes,. The cross section for inelastic interactions with a simgleleon is also seen to
decrease by, ;. = —402, While the cross section for simultaneous inelastic irtigoas with
two nucleons becomes,,;;c = 205.
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The Gribov theory allows us to relatg to the cross section for the diffractive scattering of
the virtual photon in the same kinematic region. For exagfpleDIS on a deuterium target

F(2,Q%) = F(z,Q%) + F(z, Q")

1 — 2 o
s [ deedad B (5.Q2 ) palaa? + dleemn ), @)

whereF’ “) is the nucleon diffractive structure functigs, is the deuteron form factor ant =

¢ + (xpmy)?. Since the-dependence qf, is rather moderate (compared to heavier nuclei),
the integral in equation (9) is sensitivejfé)(‘l) (t) up to—t < 0.05 GeV2. In equation (9), the
factor (1 — n?)/(1 + n?), where

n=—-m/201In(,/ i’?N)/aln(l/aflp) =7/2(ap(t=0)—1) (10)

accounts for the real part of the amplitude for the diffneescattering and leads to a reduction
of the shadowing by about 20% [45].

Using the QCD factorisation theorem for diffraction [46]isipossible to extend the Gribov
theory to calculate the magnitude of nuclear shadowingtfflor the quark and gluon parton
densities of the deuteron at smal(see reference [47] and subsequent publications [48, 49]),

fj/d(x7Q2> = fj/P(x7Q2)+fj/n(va2)

1— 2 o
il / dl‘jpdq? J?N (6, Q2,l’jp,t) pd(4q,52 + 4(1}PmN)2>. (11)

-2
1+ n?

The results of the calculation of the ratibg/(F5 + F3') andga/(2gx) using the H1 diffractive
fit [50] for £’ @) are presented in figures 10 and 11 for a rang@®éndz.

Substantial shadowing is expected in the smakgion. Note also that nuclear shadowing
for Fif for Q? < 1Ge\ is expected to be substantially larger than @ ~ 4 GeV? (up to
a factor of two) due to the enhancement of diffraction at $i@dlbecause of the higher twist
effects, such as vector meson production.

Since the diffractive cross sections are likely to be knowth &n accuracy of about 10%, it
appears that the accuracy of the calculation of the nuckestf@ving correction for the inclusive
cross section will be better than 0.5% for a wide rang&®af Correspondingly, the theoretical
uncertainty for the ratio of}' / F’ will not exceed 1%.

2.3.1 Tagging spectator protons and neutrons

A strategy complementary to the inclusive measuremedtofwill be the use of the neutron
and proton tagging. The two options are to tag the scatterfingeutrons via detection of the
leading protons, andice versa. The suitability of the current H1 apparatus, and the upgrade
necessary to allow this are discussed in section 5.2.

As explained above using the AGK cutting rules, the overattection for nuclear effects
in non-diffractive events is 4 times larger than for inckgsscattering. However the effects
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are concentrated at relatively large transverse momeégta{ the protons and depend rather
strongly onk;. Hence, two strategies will be possible — one would be tacseldy very lowp;
protons, another is to measure thalependence of the spectrum ugito~ 250 MeV/c and to
use this to check the theory and measure in an independertheaffects of rescattering (nu-
clear shadowing). Provided the momentum resolution of theop spectrometer is adequate, it
is possible to make longitudinal momentum cuts to suppregseease the shadowing effect:
these are minimal foRpy /pa — 1| < 0.05).

The following analysis demonstrates the dependence ofubkear shadowing correction
to they*d — pX cross section on the transverse momentum of the spectattmnpy,. The
impulse approximation expression for the differentialssreection of interest reads

do.'y* d—pX

Ty 072 = 2 ) (u?(p) + w(p)), (12)

wherer;, = Ex/Ep = (1—p./my)/2 is the Feynman of the spectator protom,= (p;, p.) is

the three-momentum of the detected (spectator) protoreil¢uteron rest frame andandw

are theS- and D-wave components of the deuteron momentum-space wavadonetith the
normalisationtr [ dp p*(u(p)?+ w(p)?) = 1. The presence of leading twist nuclear shadowing
adds a nuclear shadowing correction to equation (12) sahtbatomplete cross section reads

gV d=pX . —n?
dT =072 = 221) (u*(p) + w’(p)) — ?+ Zz
< [ o [ TR B (5.0% art) | athuts) + o) (LTS - Dl

wherep’ = p + ¢, + (zpmy)e.. The additional factor of three in front of the shadowing
correction is a reflection of the AGK cutting rules. It is tlesult of a factor of 4 screening from
the single inelastic sub-processes and an enhancemers diffifactive processes by a factor
of (1 — »?). In contrast to equation (9), we have included the integnativer the direction of
the vectorg, in the transverse plane by the substitutii — d%q;/7. (We neglect here the
production of deuterons in the diffractive channel whicl s@amewhat increase the shadowing
effect.)

As one can see from equation (13), nuclear shadowing suggsdise spectrum of the pro-
duced protons. This effect can be quantified by considehagdtio? of the complete expres-
sion, equation (13), to the impulse approximation, equati®). Figure 12 shows the rati®
as a function of Bjorken: for p, = (0, 100, 200) MeV/c andp, = 0. The calculation is made at
Q =2GeV.

Two features of figure 12 are of interest and importancetlizirsuclear shadowing works to
decrease the ratif asp, increases. This is as expected from our picture of nuclesd@hing
since largep; corresponds to small transverse distances between theugleoms generating
the shadowing effect, as was first pointed out by Glauber. [Sétondly, the suppression Bf
at largep, is strikingly large. This is a common feature of semi-exsl@seactions with nuclei.
Indeed, at largey,, while the impulse approximation term is suppressed by tieear wave
function, the rescattering term survives and gives the danticontribution.
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We have also checked how the results presented in figure l&hdem the longitudinal
momentum of the spectator protgm, at|p,| = 100 MeV/c. Taking|p.| = 100 MeV/c sig-
nificantly increases nuclear shadowing in the case wits 0: atz = 107° and@Q = 2GeV,
the ratioR becomes? = (0.93, 0.94, 98) for p, = (—100, +100, 0) MeV/c. For the case that
p: = 100 and200 MeV/c, the effect of the increase pf from zero to100 MeV/c is much more
moderate: the rati® either remains the same, fpy = —100 MeV/c, or decreases by about 2
and 4%, forp, = +100 MeV/c.

Note also that there is a non-spectator contribution to tlodson spectrum, which originates
from diffractive scattering off the proton and which donmemat large;, p, > 300 MeV/c. This
contribution can be subtracted using the measurementxr astancep;, > 400 MeV/c.

2.3.2 Simultaneous tagging of protons and neutrons

In this case nuclear shadowing will cancel in the rdfip/ F and the main errors will be due
to the determination of the relative efficiencies of the pnoind neutron taggers.

It would also be possible to get the ratio from either the cangon of the rates of tagged
proton scattering events with a neutron spectator andsivee D scattering or of the rate of
tagged neutron scattering events with the inclusive rateor& associated with the luminosity
measurement cancel in these cases, but the measurememtsatore sensitive to the nuclear
shadowing effects and errors in the acceptance of the meatrd proton taggers.

The combination of the above strategies should allow thesoreanent of the ratid’) / F%
with high precision. Quantification of the accuracy ultiglgtachievable requires detailed MC
studies which are beyond the scope of this Letter of Intent.

2.4 Diffraction

A further area in which thed scattering programme can lead to new insight is in the stéidy o
diffraction. The generic diffractive DIS process is illteged in figure 13. A photon of virtuality
@Q? coupling to the electron interacts with a colourless exgeanhich couples to the proton.
The proton remains intact, having lost a small fractignof its longitudinal momentum. The
squared four-momentum transferred at the proton vettexalso typically very small. The vir-
tual photon couples to a quark in the diffractive exchangeyogg a fractions of the exchanged
longitudinal momentum.

The development of a complete understanding of diffracteadtering processes of the type
ep — eXpis one of the principle outstanding problems in layphysics. The cross sections are
large, of the order of 10% of the total DIS cross section. H@xen contrast to standard DIS
processes, the intact final state proton implies that noaletic charge is transferred between
the scattering photon and the proton and hence that a miniofitiwo partons are exchanged in
thet channel. Describing such processes in QCD thus represeigsicant field-theoretical
challenge. Data obtained from HERA to date have led to coraidie progress. The compari-
son of non-diffractive with diffractive DIS is a promisingréction from which to approach the
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Figure 13: The generic diffractive process of the type— e Xp.

problem of confinement of quarks within hadrons, since tlegyesent the cases where the pro-
ton is either violently blown apart (inclusive scatterirmg)remains intact having suffered only
a small change in energy or momentum (diffractive scattgrim an otherwise rather similar
process.

In this section, first studies of possible measurements dtisive diffractive DIS cross
sections with deuteron beams are presented. The relatex tofpdiffractive vector meson
production, Deeply Virtual Compton Scattering and diffraedijet and charm production have
yet to be investigated, though they are equally importaatfidl programme of research.

2.4.1 Coherent diffraction from the deuteron

Diffraction in eA is believed to be a highly promising place to study high dgndiCD, with
the likelihood of gluon saturation and the approach of thib@rblack body limit [52], where
the diffractive cross section is equal to half of the totalssr section. A review in the context
of low x physics can be found in [53]. Studies of coherent diffracfiom the deuterorzd —
edX, at HERA energies would represent a first essential step fabsegjuent programme of
research into diffractive A scattering, sketched in section 3.5, providing a critiedérence
point. Channels such as diffractive vector meson produetimud also be crucial for the study
of colour transparency and opacity.

The VFPS spectrometer (section 5.2) will allow the detecad measurement of intact
final state deuterons scattered with andt in an identical range to that measured for diffrac-
tively scattered protons in the data from HERA Il. Specifically, the acceptance is expected to
be uniform and close to 100% in the ran@él1 < zp < 0.024 and|t| < 0.25 GeV?. For the
samez p range, the acceptance falls smoothly frod0% for |¢| > 0.25 GeV? to about 20% at
[t| = 0.8 GeV? [54]. By comparing the expectesb0 pb~! of VFPS-taggedp — epX data
from HERA Il with theed — ed X data from HERAIII, it is thus possible to compare diffrac-
tive scattering from the proton and the deuteron for a fixegekor of the diffractive exchange.
Assuming factorisation of diffractive vertices, the degjence of the cross section 6}t and
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£ with zp andt fixed is expected to be identical. The coupling of the diffirecexchange to
the proton is described by the variables andt. The assumption of the exchange of a simple
effective Regge pole (the phenomenological pomeron) has teearkably successful in the
description of diffractive HERA data taken to date. Undes tissumption, the, dependence
of proton and deuteron data would also be expected to be the.an the other hand, the de-
pendence onwould be different in the two cases due to the different foactdrs of the proton
and the deuteron. However, the changes inttiependence as other variables such asre
varied (“shrinkage”) would be expected to be the same. Thepavison between diffractivel
andep data would lead to highly sensitive tests of these factbosgroperties, many of which
have no sound basis in QCD. Figure 14a illustrates the pessibhsurements of the diffractive
structure functiorFf ™ derived from the 4-fold differential cross sectidn/dBdQ?*dx pdt for

350 pb~! of ep running andi0 pb~! of ed running under the crude assumption that the ratio of
couplings of the diffractive exchange to the deuteron anblégroton is a fixed factor of 2. The
acceptance of the VFPS is included in the calculation, thaurdy statistical errors are shown.
Figure 14b shows the expected sensitivity to a differendbénshapes of thé dependences.
At low t, the statistical sensitivity reaches the 1% level.

2.4.2 Comparisons of diffraction from the neutron and the proton

Comparing the elastic and diffractive scattering of real ainthal photons from protons and
neutrons represents an informative environment for thentgef isospin symmetry and diffrac-
tive factorisation. Diffractive factorisation impliesatthe energy dependence of the diffractive
exchange and its coupling to the photon are independeneafubleon vertex. Isospin symme-
try further requires that the couplings at the nucleon weate equal for protons and neutrons.
Together, these laws thus imply that the quasi-elastics@estionse€.g. 0., 0, T )n— pon);
diffractive dissociation cross sections. (., x,» - ,_x,) and totat cross section ‘g;p,
a;‘gﬁ)n) should be equal. Although total cross section data exispjfoand pn scattering up
to relatively large energies [55], the scattering of phstéim the neutron has not been stud-
ied with centre-of-mass energies abaye,, ~ 20 GeV, see figure 1 and [56]. Testing the
equivalences between diffractive cross sections for potmd neutrons with virtual photons,
such that partonic structure is resolved, adds a new layertefest. Differences between the
diffractive DIS cross sections #p anden scattering would imply a local flavour asymmetry in
the diffractive parton densities, with similar implicati®to thed — @ asymmetries observed in
inclusive DIS [2].

Running with deuterons at; = 920 GeV is equivalent to running with protons and neu-
trons of £,,, = 460 &+ 30GeV, where the uncertainty arises from the Fermi motion of the
nucleons within the bound state (see figure 15). It therefepeesents similar (if somewhat
less controlled) conditions to ap run with the proton beam energy reduced to half of its nom-
inal value. Comparing diffractive data from ap run with £, = 460 GeV and aned run
with £; = 920 GeV would allow an unprecedented study of the effects of nudd@ading on
diffractive cross sections.

SFor the total cross section, this is not true when the virpradton interacts electromagnetically with the
valence quarks in the nucleon.
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Figure 14: Simulated measurements of the diffractive siredfunction?,,” @ from diffractive
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deuteron, the latter scaled by a factor of 2. Lower plot$ i@tthe deuteron and proton results.
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Figure 15: The energy and transverse momentum distritaibbthe spectator nucleons from
the deuteron in the laboratory system, calculated usingribe/n deuteron wave function [60].

To a good approximatiorit| = pf”Q.

As an example, figure 16 shows the sensitivity to a differésetereen” as measured from
the proton and the neutron integrated ovand(? for different values of? andz» assuming
it is possible to cleanly separate diffractive scatterirapt the neutron and the proton on an
event by event basis. With) pb~! of ed data, differences at the level of 1% may be detected if
systematic errors can be tightly controlled.

As discussed in section 5.2, even with perfect proton antroetagging detectors, it will
not be possible to determine event by event whether a fined stacleon with around half
the beam energy originates from diffractive scatteringtloéf proton or the neutron. The very
different¢ distributions of diffractively scattered nucleons andctptor nucleons should allow
a relatively clean separation, but a detailed study hasoybetperformed. Measuring vector
meson cross sections leads to a cleaner separation, sm&intple final states arising from
decays such ag’ — 77~ andJ/v¥» — u*p~ can be measured accurately in the central
tracking detectors, leading to a precise independent measunt oft. Comparing this value
of ¢ from the vector meson decay with the values measured frodingaroton and neutron
taggers should allow a much improved separation efficiency.

Reducing the nucleon beam energy modifies the acceptanamnsegi the detectors as a
function of the kinematic variables, opening up new kinemaggions for study. Examples in
the diffractive area are extensions to low&rfor vector meson production cross sections and

to largerz p or (3 for FQD(A‘) measurements [57]. Reducéy running would also make possible
a direct extraction 0F5(4), through the comparison GTQD(‘” data at fixedr, Q? andz p, but

differenty values. Studies [58] have shown that(®; differential measurement dff @ with
comparable statistical and systematic errors would beilgessith 50 pb~! at £, = 500 GeV
and250 pb~! at £, = 820 GeV.
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2.4.3 Vector meson production

Experiments with deuteron beams can be used to explorefde®bdf colour transparency and
colour opacity via the study of coherent processes with dugaton, for example production of
vector mesons in the reactiof+d — V +d at large enough The study of the dependence of
this process at-t > 0.5 GeV? can provide a sensitive test of leading and higher twist eivaut
effects [59].
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Possible Further Studies

Introduction

The following sections are concerned with the questionsritey be addressed using HERA
and H1 beyond the electron-deuteron programme that is theediate subject of this Letter
of Intent. These questions include further investigatiohsome of the phenomena already
observed at HERA, such as the interesting behaviour obséntbd inclusiveep cross section
at scales corresponding to about one third of the protoné studies of the final state in this
region, further investigation of some of the phenomenaritest above, such as shadowing in
nuclei heavier than deuterium and also studies of areas of @&@0Care currently completely
unexplored, for example the distribution of parton spinnasl values of Bjorken.

3 Low x Physics and QCD at High Parton Density

3.1 Introduction

Although the lagrangian of QCD is known, the non-linearitytioé resulting equations implies
that the ground state, the vacuum, is highly non-triviathwaroperties analogous to those of a
super-fluid or a super-conductor. Thus, as in such mediagelbeant degrees of freedom are
not the fundamental quarks and gluons which figure in thealagjan but the hadrons within
which these are confined. These “quasi-particles” musttrésun the collective behaviour of
quarks and gluons, behaviour which is currently not undeist It is generally believed that it
is the complex QCD vacuum, containing both gluon and quarkhoal, condensates, which
leads to confinement, a successful description of which evoepresent a major step forward
in our understanding of the forces of nature.

A particularly promising place to obtain information on thensition from the “hard” world
of quarks, gluons and perturbative QCD to the “soft” world lné hadrons is electron-proton
scattering at the highest energies, since the scale of theation can be adjusted by varying
the virtuality of the interacting photon. Indeed, it is pb$s that a first experimental hint of a
scale associated with the new phenomena in the vacuum leaslalbeen observed at HERA.

As mentioned in section 2.1, the HERA experiments discovératthe structure function
FP(x,Q?) rises sharply with decreasingin the deep inelastic region, indicating directly that
the density of quarks in the proton increases as the pramoofi the proton’s momentum they
carry decreases and less directly that the gluon densigveshsimilarly. The steepness of the
rise of F} (z, Q%) is seen to be dependent @, the scale at which the proton is probed; higher
values of(Q?, i.e. smaller distance scales, are associated with a steepefrisfz, Q). At
low z, the behaviour of this structure function can be paramssdrusing the functional form
FP(2,Q%) = ¢(Q*)zMQ) [61]. As expected from the discussion aboxdncreases with in-
creasingl?. Figure 17, shows that this variation is lineathii@)?). Interestingly, the behaviour
of A with Q? changes at a scale of abaub Ge\?, corresponding to distances of about fm
or one third of the proton’s radius. At roughly the same sdale gluon density extracted from
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Figure 17: The quantity(z, Q?) extracted from parameterisations of the H1 and ZEUS struc-
ture function measurements using the faff(z, Q%) = ¢(Q?)z @),

DGLAP [62-65] based fits to thé?(z, Q?) data also behaves peculiarly, becoming small or
even negative for low values in some analyses. A% (z, Q?) is closely related to the gluon
density, its measurement will allow a more direct study @ iehaviour of the gluons in the
proton at scales arour@@? = 1 Ge\~.

The data obtained in measurements of proton structuressg¢hie may help us to better un-
derstand the QCD vacuum or perhaps to forge a link betweersattens of perturbative QCD,
with u, d ands quarks of mass abogt 6 and120 MeV, respectively [1], and the “constituent”
guarks which can explain, among other things, the pattebanfon masses if they are assumed
to behave as spi§1 particles withu, andd. masses 0363 MeV and ans. mass 0538 MeV [66].

In the following we discuss first the inclusive measuremérmsmay be made in this region
and then move on to consider what may be learned from stutitee diadronic final state.

3.2 Gluons at lowz and Q? and the measurement ofF’?

The HERA measurements of the inclusiescattering cross section at lawhave revealed a
steep rise of the proton structure functiBawith Q2. The approximate relation [67]

OFy(2/2.Q%) _ 1004(Q?)
Tomr . S W o«

therefore suggests that the gluon distribution at o large, see figure 18. A very high gluon
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Figure 18: Rise of the gluon density in the nucleon for deenggas, from [68].

density, in the region of small coupling, is characteri$tica new phase of matter which is
often termed the “colour glass condensate” [68] becauseuoetl gluons form a disordered
condensate state. At large densities, @acale of about

1
2 ~ _
Q: ~ aSNngWRQ’ (15)
the parton distribution functions at fixeg® are expected to saturate. For pQCD this raises
the problem as to where the standard evolution equationsxgected to fail, see for example
[69, 70]. The behaviour ofg in this region is interesting in its own right, but it is alsé o
phenomenological importance ag is necessary for predicting a large variety of high energy
cross sections, including, for example, the possibilitfHajgs boson production in pomeron-
pomeron scattering at the LHCe. in a rather clean event configuration caused by multi-gluon
exchange. Further, the high density statesiii interactions cannot be interpreted without
having measured the parton distributiongjirande A scattering.

In this regard the transition region from DIS to photoprditut, Q> ~ 1Ge\?, is of
particular interest because the saturation scale is estthta be of that order, see for example
[68]. Moreover, the puzzling observation has been made myrd5LAP pQCD analyses that
in this region the simple approximation of equation 14 faie gluons tend to disappear at low
x and the persistent rise @ to low z has to be caused by sea quarks, which will be studied
in ed scattering at HERA. This dramatic change in the gluon and seskdglistributions for
Q? near 1GeV is illustrated in figure 19. Although similar behaviour wasserved in many
other analyses;g in this region is far from being understood, different aisaly yielding very
different predictions, some even preferringto be negative at low andQ? [71].

The longitudinal structure functiof” (z, Q?), together withF%, provides a discriminative
test of perturbative QCD which is thought to be decisive at fowin the QPM and for spin
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Figure 19: Variation of the gluon distribution (left) andetijuark singlet distribution (right) in
a QCD NLO analysis of the H1 inclusive cross section data. Asbeaseen, in this study, the
gluon vanishes at low for Q? = 1 GeV? while it dominates the low: behaviour ofF, at ()?
values larger than a few GéV

% quarks with negligible transverse momet#ta = 0 [72]. In QCD, howeverF? acquires a
non-zero value because of gluon radiation which allows ste:g via the relation [73]

Py = %ﬁ/dz Ep 83 Q20 - 29l (16)

4 PR
written here for four flavours. Thus another constraint:gns obtained.

Moreover, as is seen in figure 20, very large effects are eggdicom higher order cor-
rections which make predictions fét; andxzg uncertain. This also influences the possibility
of observing higher twist effects if? which are suppressed i, [74]. Without a precision
measurement of 7, a respectable theory at lawcannot be established.

A measurement of ¥ (z, Q*) can be obtained from a high precision cross section measure-
ment extending to the largest possible inelasticity values 1 for which the reduced DIS cross

section ,

Y 2
o, = Fy(z,Q*) — ————F (x, 17
tends toFy — F7. A highy cross section measurement thus leads to a potentially ceryate
determination of the longitudinal structure function.

So far, access to the longitudinal structure function has enited since the inclusive DIS
cross section contains bolfy and F? which can only be separated by varying the beam energy,
preferablyE,, as discussed in [75], or by making assumptions about thaeviimir of 73 at
largey. Because at HERA a much larggerange is available than in fixed target experiments,
this latter technique makes possible an extractiofgfas has been done by the H1 Collabora-
tion [76]. These determinations &%, however, are confined to the highgstind have a modest
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accuracy of the order of 20%. Thedependence aof? cannot be measured at HERA without
varying the beam energy, and only this method is free of aptons on the behaviour df}.

A challenging level of experimental precision is requirEdr the presently inaccessible region
in which the transition from pQCD to photoproduction occuere the uncertainty of the
gluon distribution is most striking, a full simulation wasrformed of a possible measurement
of Fr(z, Q%) using the new backward spectrometer, is described in $e6tf0

For a set of 3 beam energies, 920, 500 and 400 GeV, and lurmésosf 5pb?, the re-
sulting accuracy of thé¢} measurements is shown in figure 21 and compared with the new
preliminary result from the data obtained in 2000 in a sHiftertex run. As can be seefi, be-
comes measurable rather precisely and independently acissymption on the other structure
function’.

3.3 Measurements in the forward region

The experience from the first phase of HERA running, HERAI, & #ome effects are more
clearly revealed in studies of the hadronic final state thandlusive measurements; deviations
from “standard” QCD model predictions can then be enhanced.

In the following, three poorly understood areas are disstisparton branching, the QCD
vacuum and non-perturbative particle production.

3.3.1 Parton branching

The basic evolution equations for parton branching, the BBland BFKL equations [77—
79], are expected to be valid in certain regions of phaseespaty. The CCFM [80-83] and

LDC [84—87] formalisms combine in a consistent way someuiesst of the DGLAP and BFKL

evolution equations and should be superior to both of themnwdetails of the final state are
investigated. However, as all of them are approximationthéocomplete and complicated
parton branching process, they are all expected to showietefies when sufficiently precise
tests are performed.

It has been observed that improving the CCFM/LDC splittingction to include the DGLAP-
like (non-singular) terms results in a worse descriptiothefinitial state branching processes.
This failure indicates that our understanding and modgkihbranching processes is far from
satisfactory. This may indicate that multiple parton exd@mechanisms are at work and have
to be included. In the BFKL and CCFM/LDC description bare gluaresreplaced by so-called
reggeised gluons,e. gluons which are “dressed” to include the effects of virtoadrections.
This approach is, however, just the first step towards thlectutsideration of multi-parton
exchange processes, including the exchange of multipeladascades. In this scenario, a
more advanced theoretical method than the conventionadpbavel perturbative calculation is
needed.

"For largerQ?, F? can be measured with the current H1 detector when the beargyeisevaried. This
measurement uses the high precision backward silicondraid the SpaCal calorimeter in conjunction with the
reconstruction of the energy momentum balance using theAtXlorimeter and tracking.
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Figure 21: Simulation of the measurement of the longitudgteucture functionF? (z, Q?)
using the upgraded backward apparatus operated duringea séruns with different proton
beam energy. The inner error bar is the statistical errorthadull error bar the quadratic
sum of the statistical and systematic errors, taking intmant the correlation of the systematic
errors of the different measurements. This measuremeriea@erformed at highep? values
using the existing H1 apparatus and is thus not simulategl foerthis kinematic region. The
square points represent the preliminary and best(8vdata of H1 obtained in an analysis in
which the behaviour of the two structure functiohs,andF7, is parameterised and determined
simultaneously.
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3.3.2 The QCD vacuum

The vacuum state in QCD has a highly non-trivial structure emntains both a gluon con-
densate and a quark, or chiral, condensate. Although thaitodg of both gluon and quark
condensates present in the QCD vacuum can be estimated todedaee, the more detailed
properties of the vacuum state are still unknown. As meptioabove, these properties are
thought to be responsible for the phenomenon of confinem&hey also control the non-
perturbative hadronisation process and affect the prigsest reactions with vacuum quantum
number exchange.e. the nature of the pomeron and soft and hard diffraction, drseibjects
of particular interest at HERA.

In the string hadronisation model the gluon condensateaddd as a dual super-conductor [88],
and particle production is described as a tunnelling pooea flux tube or a vortex line. In the
“Disoriented Chiral Condensate” the mechanism responsibsledrticle production is instead
related to the quark condensate [89, 90]. It is possiblelibdt mechanisms contribute in na-
ture, perhaps in different ratios in different reactions.r@solve these questions more detailed
data are needed for charge anaorrelations K/ ratios,etc. We also note that some experi-
ments indicate differences between hadronisation#m annihilation and in DIS or hadronic
collisions, as is discussed further below.

If the nucleon is associated with a topological singulantthe pion field, as in the Skyrme
model, the vacuum properties should influence not onlyattive scattering, but also periph-
eral collisions with pion exchange. These effects can bectied at HERAIII.

3.3.3 Non-perturbative particle production

Collisions between electrons and deuterons allow a congraatthe properties of protons and
neutrons. The fragmentation region of the proton- or neuteannant has never been studied in
detail. The primordiak; distribution of partons in the nucleon is poorly known, aligh some
measurements indicate the need for relatively large sitriky. However, these measurements
cannot distinguish whether the largeneeded is intrinsic to the colliding hadron or a result of
the parton branching process.

The universality of jet fragmentation is a basic assumpti@ade in most theoretical ap-
proaches to the hadronisation process. However, someiegeal analyses indicate that the
ratio of strange to non-strange quark production obsemedd~ annihilation is not the same
as that seen in DIS or hadronic collisions. It is therefong weteresting to investigate whether
there are differences in the hadronisation when going fieerproton fragmentation region in
DIS, where behaviour similar to that observed in hadrorn-tradcattering is expected, to the
central region, which is expected to be very similaete~ annihilation. These studies could
involve the measurement of kaon, baryon, and pion produetsoa function of rapidity.

It should be pointed out that, although the target region stadied in some detail by the
EMC experiment, ther values attainable were not small enough to properly ingasti the
perturbative QCD branching process; the available cerftreass energy was too small.

Since QCD processes will create a significant backgroundarséarch for signals of new
physics it is obvious that a better understanding of theopabranching processes, the QCD
vacuum and the universality of fragmentation is necessary.
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3.3.4 The experimental situation

The hadronic final state in"e~ — ¢q is precisely measured from low energy experiments up to
the highest possible LEP energies. The underlying QCD psesase calculated in perturbation
theory up toO(a?). The partonic final state is supplemented by higher order Q&ziiation

in form of leadinglog parton showers and is then fragmented into visible hadraasien-
perturbative hadronisation models, like PYTHIA [91] or H&MRG [92]. These hadronisation
models are tuned to describe the final state'ia~ reactions.

The situation inpp reactions is completely different. Whereas the underlyisgllscattering
processes can be calculated in perturbation theory, theigesn of the hadronic final state is
more complicated, as the incoming partons, quarks and gjuordergo initial state branching
processes, which are initiated by partons in the non-geative phase of the collision.

The hadronic final state ip reactions forms a bridge between the well understood siuat
in ete™ annihilation and the less-well understood situatiorpjincollisions. In the rapidity
region of the virtual (quasi-real) photon, the hard scatteprocess is expected to be similar
to theete™ case, whereas moving towards the fragmentation regioregétthton, the situation
Is similar to that inpp collisions. One of the advantages @f scattering is the possibility it
offers to cover the full range from the photon fragmentatiegion, which can be described by
perturbative QCD, to the proton fragmentation region, whmgght be described by collective
phenomena only.

Multiple scattering processes are essential for a reasodabcription of QCD processes in
pp reactions. However, due to the complicated nature of thesmepses, it would appear to be
nigh on impossible to study these effects in detaijljrcollisions. One of the unique advantages
of the HERAep collider is that with decreasing? multiple interactions become more and more
important, until eventually a situation similar to thatyip is reached whef)? = 0. Thus these
effects can be studied at HERA in an experimentally contiath@nner.

From the above it is clear that it is necessary to cover ag langpidity range as possible
to measure this unexplored and challenging region of QCD. tiNdagk a proper theoretical
framework for describing and studying collective phenoayemd it is clear that without exper-
imental investigations such as those described here waatilhave the data to develop such a
framework.

The rapidity range covered by HERA is shown in figure 22 togetiiéh indications of
where the various effects mentioned above are expecteavo gh.

3.3.5 Forward jet measurement

The cross section for jet production in the proton direct@riorward jet) has been advocated
as a particularly sensitive measure of smalparton dynamics [93, 94]. If the forward jet
has large energyz(e.s = Ejct/Eproton > ) the evolution fromz;., to small Bjorkenz can
be studied. When the transverse energy of the jet is of the sades asQ?, EZ ~ Q?,
there is no room left fof)? evolution and the DGLAP formalism predicts a rather smaiksr
section in contrast to the BFKL/CCFM/LDC formalisms, which cd#se the evolution inc.
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Figure 23: Forward jet cross section as a function obtained from the CDM (ARIADNE),
DGLAP (LEPTO) and CCFM (CASCADE) models. The forward jet is regdito be in the
angular region ofa): 2 <n <3,(b):3<n<4,(c):4<n<b,(d):5<n<6.

Measurements performed at HERA | [95, 96] show that the ptiedidrom the naive DGLAP
formalism lies a factor 2 below the data, whereas the data can be described by the CCFM
or LDC evolution equations equations [97], provided the-somgular terms are not included

in the parton splitting functions. Description using thadang order BFKL formalism is also
possible [98,99].

However, in the rapidity range covered by the present HERAeerEents the forward jet
cross section is also reasonably well described by the DGinaRel if a resolved virtual pho-
ton contribution is included, provided sufficient lever asrallowed for the evolution of the
resolved photon.

The measurements at HERA | were mainly restricted by two facthe available centre-
of-mass energy and the geometrical acceptance of the dietequiring the forward jet to lie
betweer2,<n<3. The current high luminosity phase of HERA running, HERA Il|lwbt allow
these questions to be addressed as the focussing magne¢siieechieve high luminosities
restrict the experimental acceptance in the forward aniviac directions.
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In figure 23 the forward jet cross section is shown as a funatioBjorkenx in a larger
rapidity range, up tg < 6. The CDM (ARIADNE [100]®), a standard DGLAP (LEPTO [102])
and the CCFM (CASCADE [103]) models predict rather large crosfi®es, the difference
with respect to DGLAP becoming more significant with inciagsapidity.

As mentioned before, the CCFM and the LDC models give a goodigéea of the present
forward jet measurements, provided only the singular tearesncluded in the splitting func-
tion. Approaches to include the full splitting function glive a worse description of the mea-
surement. Is there a dynamical mechanism which supprelssason-singular terms in the
splitting functions, or increases the effective lever anrthie evolution of the resolved photon?
Or is a completely new mechanism at work? Only an extendety sitiexclusive final state
properties can provide the data that can guide us to answ#rsge questions.

3.3.6 Further measurements in the forward region

With very forward detectors one could study the transitiegion from diffractive to normal
events. This is very important for discriminating betwedfedent models for diffraction. In
pomeron or Regge based models, the leading proton or negtreguivalent to the colliding
proton by construction, whereas in soft colour interac(8€1) type models [104] one has a
small mass system which will then fragment into a leading®amith or without accompany-
ing hadrons. The models are now tuned to fit available datanby perform rather differently
in the as yet unobserved intermediate region. This, of @uedates to the more general prob-
lem of hadronisation and confinement.

3.4 A 3D picture of the proton - generalised parton distributions

Hard exclusive electroproduction processes, such aoduction or deeply virtual Compton
scattering, offer the unique possibility of creating “3Diages of the nucleon. Due to QCD
factorisation theorems, the information about the stmaéctf the nucleon probed in these re-
actions is accumulated in process—independent matrixezitsnso-called generalised parton
distributions (GPD's) [105-107]. The GPD’s are relatedh® tisual parton distributions, mea-
sured in inclusive DIS, as well as to the elastic form factdithe nucleon. In particular, similar
to the elastic form factors, the GPD’s allow for a coordinspi@ce interpretation in terms of a
distribution of partons in the transverse plane (impaatpeter dependence) [108]. An im-
portant advantage of high-energy exclusive processesisithcontrast to the situation with
form factors, they allow the measurement of the dependehttedransverse spatial distribu-
tions onz (“hadron tomography”). A measurement of these distrimdiavould provide new
insights into the non-perturbative dynamics giving riséh®e quark and gluon distributions in
the nucleon and would allow the resolution of many long-gdiagy problems, such as thele of
the “pion cloud” in the partonic structure of the nucleonttae dynamical reason for the growth
of the transverse size of the nucleon observed at smallhe information about the spatial
distribution of partons in the transverse plane can be tedday measuring the-dependence
of hard electroproduction processes [109].

8Using the tuned parameters given by “set 2” in [101]
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Experimental programs dedicated to the measurement of &&B’presently under way at
JLAB (CLAS), the HERMES experiment at DESY, and COMPASS, rejyimostly on deeply—
virtual Compton scattering (DVCS). The first experimentalestsations of DVCS were made
by the H1 and ZEUS experiments at HERA. Measurements of DVC St exclusive elec-
troproduction processes at the HERA collider would enjoyesgvcrucial advantages over the
fixed—target setup of the above experiments. First, theuanigver arm in the photon virtual-
ity Q? makes possible the experimental verification that the regiavhich thet—dependence
of the cross section is universalg( independent of the produced diffractive state and practi-
cally Q*~independent) has been reached, which is an essentiatweddf the QCD factori-
sation theorem, and thus the establishment of the relevainite hard QCD reaction mecha-
nism [110]. Current HERA data indicate th@f > 15 GeV? is needed for light meson pro-
duction to reach this limit. No information is available fibre DVCS case. A detailed study
of the pattern of the onset of this universality will provigeportant information about meson
wave functions and the higher—twist contributions to esiole diffractive processes. In con-
trast, experiments like CLAS or HERMES have to assume the agiplity of the hard QCD
reaction mechanism in the analysis of their data withoutpbesibility of independent con-
firmation. Moreover, the models which describe the dataieiiglinclude large higher—twist
effects [111] which also depend opmaking extraction of the GPD’s rather problematic.

Second, the unique energy range of the HERA collider expertisngould allow such mea-
surements to be performed for valuescads small as- 1072 ... 10~%. In this range, due to the
dominance of the gluon distributions at smalithe structure of the GPD’s simplifies consider-
ably compared to the “valence” region probed in fixed—taegeeriments [112], facilitating the
analysis of the experiments and the interpretation of thia. dfaurthermore, the—dependence
of hard electroproduction amplitudes carries interestifigrmation about the non-perturbative
dynamics giving rise to the nucleon’s parton distributiof®r instance, it is expected that in
the hard regime the increase of the transverse size of tHeowwith decreasing is much
slower than in the soft (Regge) regime. The degree to which“thidwdown” depends of)?
will provide unique information about the interplay of saftd hard physics.

In particular, HERA collider experiments offer a chance tcaswge the transverse spatial
structure of the gluon distribution in the nucleon throupk t-dependence of thé/«) and
T photoproduction cross sections. Contrary to the quarkibigtons, whose—dependence is
constrained by the elastic nucleon form factors, littleiewn at present about tihedependence
of the gluon distribution (the “two—gluon form factor”) dié¢ nucleon. There are indications that
the transverse size of the gluon distribution is smallen tihat of the quark distributions [109].
Knowledge of the transverse spatial distribution of gluahsmallz will be important also for
the modelling of hadron-hadron collisions at LHC energies.

The above studies require accurate measurements ofdbpendence of hard electropro-
duction cross sections. Thalependence of the GPD’s carries the information aboutghgad
distributions of partons in the transverse plane and isiarfmr all attempts to reveal the “3D”
structure of the nucleon. More generally, precise knowdedigthet-dependence of the cross
sections is required to compare experimental data at fifite 1 GeV? with theoretical pre-
dictions att = 0, where they are most reliable. For example, it is known thiférént fits
(exponential, dipole form) to the existing data for thdependence aof /¢ photoproduction
result in rather different extrapolations of the crossisado t = 0, introducing a considerable
uncertainty in the comparison with theoretical predicsi¢h09].
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The precision achievable with the H1 detector in the measent of DVCS and hard exclu-
sive electroproduction processes requires further ilgeggdn as does the influence of possible
upgrades on the measurement of the GPDs.

3.5 Nuclear parton distributions and saturation

One of the most pressing and hotly discussed problems of snddysics is the possible ex-
istence of a regime at smallin which the parton densities are high, but the coupling taris
small. In this regime, despite the small coupling consttmg,interaction of small colour sin-
glets with hadronic targets becomes comparable to the nadlyipossible strength of hadronic
interactions for a wide range of impact parameters and agpes the geometric cross section
27 R% that pertains in the black body limit (BBL). Her&,, is the radius of the target nucleus.

The prime motivation for using nuclear beams at HERA is to adeanuch deeper into this
new domain than would be possible in the electron — nucleatemBased on the dependence of
various observables on the nucleon numbemeasurements at HERA would provide critical
tests of various ideas about QCD in the high-density limitluding the possible saturation of
gluon and quark densities [113-115] resulting in a largeicgdn of the quark and, especially,
gluon parton densities [47] (leading twist nuclear shadaoyias compared to the incoherent
sum of the nucleon densitiegy, < Agy, and a large probability of coherent diffractior (
40% for heavy nuclei) with a strong enhancement of the diffiattio states containing charm
(for a summary, see [116, 117]). In addition, these studidisimprove the precision of the
determination ofF;’ — F¥ from the deuteron runs by testing the theory of nuclear shamp
for light nuclei, and will provide critical input for the iatpretation of heavy ion collisions at
RHIC and especially at the LHC, where the production of mits-jaay be strongly damped by
leading twist gluon shadowifig

The observation of this new regime in QCD using nuclear targetnuch easier than it
is in ep scattering for two reasons. Firstly, heavy nuclei are mudmbker than protons so
that the density of partons per unit area is larger at ceitrphct parameters by a factor of
(ga/mR2)/(gn /7% = AY3g,/Agn, which is as large aGfor A = 200. If the gluon densities
in the nucleusy 4, and in the nucleonyy, are related by, ~ Agy. Gaining a factor of a few is
likely to be sufficient to bring the interaction close to the BBk a large range of the resolution
scale@?. This increase in the parton density can be expressed irs tefan effective Bjorken
x, which is ther value at which the equivalent parton density would be redahé¢he proton,
see figure 24.

Another very important advantage of nuclei is the weak ddpeoe of the scattering am-
plitude on the impact parameter for a wide range of the impacameters (in fact, one can
combine light and heavy nuclei to study the dependence dri@itudes on the nuclear thick-
ness). Indeed, in the nucleon case the scattering at lagpcirparameters is important even at
very smallz, which tends to mask the change of the regime of the intenastat small impact
parameters.

“Measurements of gluon shadowingyd scattering at RHIC and the LHC will not be possible @t < 10
GeV2,
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Figure 24: The gluon distribution obtained from the H1 NLO Qf@)11] extrapolated to low
values ofr at aQ? of 5 Ge\? (left) and20 Ge\? (right), together with the effective Bjorken
values that HERA reaches in the collision of electrons withotss ion species; also indicated
are the approximate limits at which saturation of the glustrithution is expected to occur.

Up to now, deep inelastic scattering off nuclei at smalivhere coherence effects are large,
was studied only at rather smal’> where higher twist effects, due tog. diffractive vector
meson production, are likely to be important. An extensiuelg of the HERA potential with
nuclear beams was performed during the HERA workshop in 18651896 [116]. Here, we
summarise some of the gold plated observables which widlhvaHERA to discover a number
of fundamental new phenomena.

3.5.1 Inclusive nuclear shadowing

Fixed target data do not allow nuclear shadowing to be prabsthallz in DIS, where nuclear
shadowing is large and dominated by the leading twist effedthere are expectations [47,
118] based on the application of the Gribov theory of nuclEzadowing [43], the Collins
factorisation theorem [46] for hard diffraction and the HERArd diffraction data, of very
significant shadowing for all parton densities both for tighd heavy nuclei, see figure 25.

The uncertainties in the predictions in figure 25 relatedh&input diffractive parton densi-
ties are smallest for they! case. The current experimental errorsﬁg[?(“)(xp, B,Q%t ~ 0)
are~ 15% and lead to similar or smaller uncertainties for the valug of F! /(AFY). In the
gluon case, the uncertainties are much larger since the sibtfhe gluon-induced diffraction
has yet to be measured. The resulting range for gluon shadowithin the model of refer-
ence [118] is given by the solid curves in figure 26. The cuwege obtained using the gluon
parton distribution from the 1997 H1 diffractive fit and witie gluon distribution multiplied by
the factor 0.75 (this mimics the new 2002 H1 fit for the gluoWghile the latter scenario results
in lower nuclear shadowing for the gluon nuclear densityzfor 7 x 10°, the difference be-
tween the two scenarios for the gluon shadowing does nattaffe predictions foF;' /(AFY)
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Figure 26: Nuclear shadowing for the ratiés'/(ZF} + NF}') andga/(Agy) for 1°O and
206pp: the predictions of reference [118] (solid curves) aragared to those of reference [119]
(dashed curves). All curves correspondtoe- 2 GeV.

(the two curves are virtually indistinguishable). In figi@, we also show the results of the
model of Eskolaet al. [119] (dashed curves) fdfO and?*°Pb and at) = 2 GeV. This model

is based on fits to the limited available DIS nuclear dataymgsg dominance of the leading

twist and also predicts large nuclear shadowing effectthdfeffects are as large as shown in
figures 25 and 26, they will easily be observedinmeasurements at HERA.

Due to the large parton densities, e evolution of R4 = F;'/Fy{ at aQ? of a few Ge\?
may violate the leading twist expectations. Hence the nreasents of the scaling violations
of R4 (which can be done at HERA with precisien1% [116]) may provide a clean signal of
the onset of the regime of nonlinear dynamics. At largér these measurements will provide
one of the ways of measuring gluon shadowing. Other optionghe measurement of gluon
shadowing include higp, jet production,//« production etc.

Thus, inclusive measurements at HERA will make possible tbeoslery of leading twist
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shadowing and sensitive searches for a new high density/Bgimeein DIS. The predictions
of the BBL for DIS are drastically different from the scalingnit: £ o 27 R4Q*In(1/z)

for Q? < Q%,,(z), whereQ3,,(x) denotes the maximal value G for which the total inelas-
tic cross section of the interaction of a small colour dipofdransverse sizec 1/Q with a
heavy nucleus is equal to the black body limifz%. The scale)?,,(x) increases wittd. The
measurement of the scaling violations6f (z, Q?) provides direct access to the dynamics of
the interaction of small dipoles with nuclei and yields dethinformation on the relevance of
the black body limit fory* A scattering. Direct tests of the onset of the black body regim
the gluon channel will be possible via the measurement ¢fA) and the study of “2 +1” jet
events [116].

3.5.2 Inclusive hadron observables

A number of measurements of inclusive single hadron praeoiuetould make possible the ex-
ploration of the kinematic limit at which the leading twidfT) approximation breaks down.
Two of the simplest signals are related to the basic impboatof LT QCD factorisation for
leading hadron production. One signal is the decrease oétloeof leading hadron multiplicity
N(z) with A atz > 0.1, see reference [120]. Another is the increase of the averagkthe
partons (and hence of the produced hadrons) wittue to the increase of the saturation scale
with the increase of the densityp?) ~ Q%,, [114]. This gross violation of the QCD factori-
sation theorem for leading hadron production in DIS prosidee of the model-independent
signals of the breakdown of the LT approximation.

3.5.3 Diffractive observables

Observation of coherent diffraction in scattering off reidloes not pose difficulties beyond
those of theep case. Indeed, the situation may even be simpler (espenidiie case of heavy
nuclei) since the majority of the diffractive interactiolesve the nucleus intact. At the same
time, in inelastic processes nuclear breakup is accomgdnyi¢he emission of several protons
and neutrons at small angles which may be used as a veto fanenent nuclear diffraction,
since the neutrons produced at zero angle<(2 x 10~*rad) can be detected by the forward
neutron calorimeter.

The measurement of inclusive deep inelastic diffracticovigles a test of how closely the
black body limitis being approached. In this limit the prbbity of coherent diffraction is close
to 50% of the total cross section [43,121-123]. The same is trupdatial cross sections such
as for charm or dijet production inA scattering. Moreover, since the interaction is stronger
in the gluon channel, the diffractive cross section shogldlbse ta0% of the corresponding
total cross section in a widér, Q?) range [47]. The differential cross section for diffractive
production of states with madd% < )7, is also predicted in a model-independent way [120]
to be
dFy (@, Q%) _ 7RE Q*M3p(M3)
dM3 Co1273 (M2 + Q22

wherep(M2) = et —hadrons(g — N2} /<" =m0 (s = M),

(18)
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Another signature of the black body limit is that, fofy < @Q?,,, the production of highy,
jets is strongly enhanced(p/™)?) = 3M2%/20. One especially sensitive test of the violation
of the LT approximation is exclusive dijet production by giseeal photons [124]. In the LT
approximation, this process is strongly suppressed [1@4i]e it constitutes the dominant con-
tribution to diffraction in the BBL. Hence, studies of this pess make it possible to distinguish
between the suppression of the total cross section duedmbeawist shadowing and the sup-
pression due to the proximity to the BBL.

3.5.4 Exclusive deep inelastic diffraction

The production of vector mesons in the procgss A — V + A, is simple to separate from in-
coherent events (for this events in which the detector heesdiance for vector mesons produced
in the direction of the virtual photon) due to the very stedfsattive peak. This makes possi-
ble the investigation of the fundamental question: are heaxlei transparent for high-energy
small objects like//¢) or T mesons? In the region aof ~ 0.02, evidence for colour trans-
parency was obtained [126] by the observation that the eotidy¢) production amplitude is
proportional toA F'4(t), whereF4(t) is the nuclear form factor. This colour transparency regime
corresponds to the propagation of a small dipole througlic thrget with very small absorp-
tion. At smallz < 0.01, a qualitatively new phenomenon — colour opacity — is exgucthe
strong absorption of small dipoles propagating throughntingei. In the black body limit the
increase of the cross section withwill be reduced ta4?/3 as compared tel*/? in the colour
transparency limit. QCD also predicts the absolute crossosefor vector meson production
in the black body limit. At HERA one would be able to study botitermediater ~ 0.01
kinematics, where colour transparency is expected at [@fder light mesons and at ad)? for

the production of onium states, and also investigate thiemegf colour opacity in the regime
where LT dominates and the suppression of the cross sestmimgn by the square @fy /gy,
which rather weakly depends @p? for Q? > 20GeV? (cf. figure 25). In contrast, the eikonal
models of the dipole-nucleus interaction [113] predict tt@rections to colour transparency
die out asl /Q* (x 1/mé for onium production). This can also be studied in the regibere
one can probe the approach to the BBL.

A unique feature of exclusive vector meson production i$ ithean be used to check the
proximity to the BBL even for intermediat@?, since the cross section for the production of
vector mesons in the BBL can be calculated in a model-indepenekey [120]:

do i tA—V+A _ M2 do7i+A=V+A _ (2rR%)?  3ryMy 4 \Jl(\/—tRA)|2 (19)
dt Q? dt 16m  a(ME+Q?)? —tR? ’

whereT'y is the electronic decay width for the procdgs— ete~. Equation (19) predicts
the Q%-dependence of the cross section which is distinctiveligdiht from the LT prediction.
The Q?-dependence of equation (19) is a factof1 + Q*/m?)~2 weaker than that in the LT
limit [120].

To summarise, the use of nuclear beams would allow a majoease in the potential of
HERA for the study of the dynamics of QCD at high densities anthésearch for nonlinear
QCD phenomena. Several phenomena, especially in the diveachannels, will allow the
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unambiguous investigation of whether the black body regsmeached and the detailed ex-
ploration of the new state of QCD matter produced at smalMost of these measurements
will require rather modest luminosities;-10 pb~! per nucleus [116]. It would be possible to
explore the nonlinear regime over at least a factor two lan@ege inQ? by performing experi-
ments using a series of nuclel: = 2, 4, 16, 40 and even further, if heavy ions are added to the
programme.

4 Mapping nucleon and photon spin

4.1 Measuring the spin structure of longitudinally polarised nucleors

Nucleon spin presents a fascinating puzzle, the detailedlystf which was initiated by the
EMC [127]. The EMC observed that the quark contribution tmsp surprisingly small and
hence that nucleon spin cannot be understood within the rmpigrk parton model. Since then
a wealth of data on spin structure has been accumulated frech-farget experiments and spin
theory has become much more sophisticated. The puzzlingtigneof the composition of
nucleon spin is, however, still unresolved (for a summarthefpresent status see [128]). The
importance of extending the kinematic range of spin physitds HERA has been investigated
and emphasised in a series of workshops on polaris@thysics at HERA [129].

In polarised DIS, the spin-dependent terms only make a stoattibution to the total cross
section. They can be extracted from measurements of crosisrselifferences for interac-
tions with opposite relative orientations of lepton andlaan helicities, in which the spin-
independent contributions cancel. A classic quantity esgpin structure functiop;, which
measures the weighted sum of polarised quark distributiontionsAq and is approximately
related to the cross section asymmetty,= (o, — oy1)/(o1, + o11), by:

B A 21—y
T2 AN y(2—1y)

g1 (20)
Equation 20 illustrates the need for high polarisationsand),, and a preference for measure-
ments at large values gf Polarisations\, ~ 0.6 may be achieved in the HERA proton ring.
From equation 20 it can be deduced that large integratedsities are necessary for accurate
studies of the proton spin structure.

The measurement of small asymmetries at lowas been studied previously [130], and
detector effects have been found to be small. Event migratites and radiative corrections
can be controlled by the use of hadronic event reconstructiethods. The use of these also
gives access to asymmetries at higlwhere the polarisation of the virtual photon is as low as
0.03, a kinematic range which is barely accessible in fixageteexperiments.

For this Letter of Intent, simulations were performed oftbthte asymmetries that must be
measured in polarisegh anded scattering (figures 27 and 28, respectively) andjth&tructure
functions that can then be extracted (figures 29 and 30). iTimglaions are compared with
recent theoretical calculations [131, 132], one of whicB3Jlincludes the uncertainties of the
predictions. The asymmetries are large at largaed will be measurable with luminosities of the
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Figure 27: Simulated measurement of the asymméfrst HERA for conditions as specified in
the legend. Note that the measurement of the asymmetrys/eiisumade at an approximately
constant value of, i.e. Q? rises withx, as shown in the lower plot, such that this measurement
is exploring a completely new kinematic domain. At higithe QCD evolution of spin is

tested, which fixes,, much more accurately than before, while the emphasis atlswon the

unknownz dependence of the cross section.
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Figure 28: Simulated measurement of the asymmaétrat HERA for conditions as specified
in the legend. Because of the smaller anomalous magnetic ntpaepolarising resonances
are 24 times less frequent for a polarised deuteron beanfdhgolarised protons which may
make this asymmetry measurement easier than that for .oton
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order of 100 pb! per polarisation state, both ép and ined scattering. While the asymmetries
at low x are small, closer inspection reveals interesting diffeesnfrom naive expectations.
For example, the BB fit predicts a 1% asymmetryrat= 0.001 and Q?> = 10Ge\?. The
predictions forg,; vary remarkably. As was the case for unpolarised DIS atdpexploratory
measurements can be performed wiith . . 100 pb~! while detailed investigations will require
significantly larger luminosities. A programme of poladslew = physics at HERA would
make possible a unique and ground breaking series of measnts.

The outstanding advantage of HERA over the high-statisteslfiarget experiments COM-
PASS and HERMES and at SLAC is the large extension of the kitiemange. The study of
spin-dependent effects can be extended to dpwnaking possible a test of thg@? evolution
of g; up toQ? ~ 103 Ge\2. Information on the spin structure can also be obtained filata
on asymmetries in the production of jet or hadron pairs. A gletely new field is diffraction
in polarised scattering, see [136]. The polarised gluotridigion AG can be measured using
dijet events, as was demonstrated in [134]. A further soofdaformation about gluon po-
larisation at lowz is charm production, which in unpolarised scattering at HERpresents
roughly 20% of the inclusive cross section.

4.2 Polarised electron-deuteron scattering and shadowing effects

In the case of polarised deuteron scattering, the situattim respect to shadowing appears
to be favourable for the inclusive measurementg;oat smallz. Indeed, experimentally, for
in small z range covered by the fixed target experimepfs.< ¢;. The nuclear shadowing
correction is multiplicative and hence modifigé more strongly than¢ (if soft dynamics
dominates at the normalisation scale, the shadowing dffgbe spin case could be two times
larger, see reference [137,138]), and may lead to cormetmthe asymmetry of the magnitude
of the value of the shadowing correction f6f, that is a few per cent. Hence it would lead to an
even smaller correction for the determinatiorypf One can also use tagging of the scattering
off the neutron via detection of leading protons. The sammaments concerning shadowing
corrections are applicable in this case. In addition, theat®n of the spectator proton allows
the elimination of the depolarisation factor 8P, /2 ~ 0.1 (Pp is the probability that the
deuteron is in aD-wave state) and also allows the measurement of the deupetansation,
since the longitudinal spectrum of protons is sensitivéheogolarisation of the deuteron. This
is also the case in unpolarised electron-deuteron saadtesee the detailed discussion in [139].

Note also that the experiments with deuteron beams can leetasexplore the effects of
colour transparency and colour opacity via the study of oefiteprocesses with the deuteron,
for example production of vector mesons in the reaction d — V' + d at large enough The
use of the polarised deuteron will be especially beneficiathe study of these effects [59].

4.3 Charged current interactions and flavour dependent spin structoe

Inclusive measurements in DIS are sensitive to the sum qgtialtk flavours. To extract flavour-
dependent spin information, one presently uses semisivescattering, an area being actively
pursued in fixed-target experiments. In the highrange of HERA, however, CC interactions
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Figure 29: Simulated measurement of the polarised stredturctiong! at HERA for condi-
tions as specified in the legend. The curves denote recesretital predictions and extrapola-
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DIS at HERA.

53



& [
@ 5
< B
S -
o o ——+———¢———e}——o——o—_—‘3_——,_;9.....--0-—r-e»---o----e----e--—-o
S F 1= QCD NLO GRSV 2000
10 | :.‘ ==== QCD NLO AAC
_15 ; ': : PO TR LLLN ko
20 | : 18
; : 05 [
-25 | N i
: : I \‘ L L . H‘ L L bl
20 | . -2 -1
301 ; 10 10
35 a2 ¢ [] QCDNLO BB extrapol. stat. errors
i : 0 0_>176° R1990,0.5fb™, PP, =05
B .\\\H‘ L \\\\H‘ \\\\H‘ L L \\\\H‘ L L bl
-5 -4 -3 -2 -1
10 10 10 10 10
X
N -
> 10 1 L
& g °
o~ 10 .
o E o
= ° [ )
10 e ° ¢
B ° ¢
= [ ]
1 L \.\\\\H‘ L \\\\H‘ L \\\\H‘ L L \\\\H‘
-5 -4 -3 -2 -1
10 10 10 10 10 X

Figure 30: Simulated measurement of the polarised streiturctiong¢ at HERA for condi-
tions as specified in the legend. The curves denote recasretital predictions and extrapola-
tions which differ markedly at low:. At largerz the evolution as prescribed by pQCD will be
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spin physics has not yet been studied.
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provide access to flavour-specific spin information, inchelaat of fragmentation effects which
hinder semi-inclusive analyses. In the € ande~p scattering cross sections, the following
asymmetries can be defined:

_ da}/‘f; - dar{; _ +2bg}"" + agl” ~ gV
da}’ﬁ —l—da?‘f aFVT £ 0F)T FVT

with a = 2(32 — 2y + 2) andb = y(2 — y), % = Au+ Ac — Ad — As andglV" =

Ad + As — Au — Ac. A study of the measurement of this asymmetry, requiringttial

missing transverse momentum to excéedseV, has demonstrated that there is sensitivity to

g5 [140]. Thegs structure functions are related by a sum rule due to Bjorkéngwis valid for
very large? [141].

AT

(21)

4.4 Physics with transverse nucleon polarisation

The study of deep inelastic charged lepton scattering afisversely polarised protons or
deuterons is important if the picture of the internal spirucure of the nucleon is to be
completed. While the polarised structure functignis kinematically suppressed by a factor
mpx/\/ZQQ), and thus only accessible in very high statistics experigjghe determination
of the still unknown third type of twist-two quark distribah functiondg or hy(z), termed
transversity and introduced in [142], seems to be feasiltle polarised HERA running, since
hy is expected to be of similar size @ [143].

In order to probe the transverse spin polarisation of théeunc a helicity (identical to chi-
rality at leading twist) flip of the struck quark must occur.hard processes this is only possible
with non-zero quark masses, hence the suppression of tigtida in inclusive DIS. However,
in semi-inclusive processes this can occur via the comioimatf two chiral odd functions, one
describing the quark content of the targef)(and the other describing the fragmentation of the
guark into hadrons. Considerable effort has gone into utetetig, modelling and elucidating
possible measurements@f. A review is given in [144].

Presently, two fixed target experiments, HERMES at DESY and €886 at CERN, are
running with transversely polarised targets with the gdatodying transversity distributions
and chiral-odd fragmentation functions. But in neutral entrDIS the Collins (T and chiral
odd, sensitive td;) and Sievers (T-odd, not sensitive i) effects are expected to contribute
to the single spin semi-inclusive asymmetries measurddavitansversely polarised nucleon.

Here, a measurement efg. semi-inclusive pion production at very high centre-of-sias
energies of the photon-nucleon-systdm, would open a completely new kinematic range for
transversity measurements, where a little is known [148].1Bor example, charged currents
deliver a unique opportunity to further disentangle the twmpeting processes contributing to
single spin semi-inclusive asymmetries in neutral curi2¥®, since in charged current cross
sections no chiral-odd functions occug. only the so called Sievers effect contributes. Fur-
thermore, at a polarised collider, the current and targeffrentation regions can be much more
cleanly distinguished, making a better theoretical desiom possible [149].

Semi-inclusive measurements using a transversely pethriscleon beam at HERA give
access to a broad spectrum of fundamental spin-dependeamtities, allowing both new studies
and independent checks of polarisation measurementsrpefioso far only by fixed target
experiments.
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4.5 Photon spin

Nothing is known experimentally about the parton contentiofularly polarised photons.
While the current round of spin experiments, COMPASS and RHIQpoissensitive to the
polarised parton distributions of the photon, the photdpotion of jets at HERA with po-
larised beams gives access to these distributions. Onlielinuminosities ofO(50 pb!) are
necessary for the measurements [146, 147].

4.6 Summary

It is evident that polarised N physics at HERA is a rich field about which little is known
from current experiments, all of which operate in a much nmefined kinematic domain.
HERA, with its large centre-of-mass energy and hence leveariarQ? andz will be able to
pin down the polarised gluon distribution. With the furtipessibility of measuring generalised
parton distributions, HERA could play a majasle in clarifying the spin puzzle. Further, if
any deviation from the Standard Model is found, suclRgsgarity violating SUSY, leptoquarks
or instantons, it will be particularly interesting to stuthe helicity-specific properties of the
corresponding objects iy or €Jscattering at HERA. The luminosities required are in excéss o
50 to 100 pb! per beam polarisation state. This is achievable followirggHHERA luminosity
upgrade if machine developments for polarised deuterod®gaprotons are pursued.

5 Upgrades to the H1 apparatus

5.1 Introduction

This section describes briefly the upgrades to the H1 detdwbare necessary for the physics
programme described above. We consider first the additiarpodton spectator tagging system
downstream of H1 in the proton direction. This is the only igate that is essential for the
electron-deuteron programme described in section 2. Tgwertg system could be added to H1
with the current HERA Il optics, but it could equally well beaaswith the HERA | opticsi.e.
following the removal of the superconducting GO and GG m#ggriehe former configuration
has the advantage of higher luminosity, the latter that &aebdispersion at the interaction point
is smaller, and hence that measurementg|afan be made with higher precision in diffractive
processes through the detection of thef the scattered nucleon.

The other upgrades discussed, to the forward and backwagiaheeof the experiment, can
only be performed if the GG and GO magnets are remowmedthe low luminosity HERA |
optics are restored. In these cases, the measurementsifir thk upgrades are designed do
not require high luminosity; it is the improved acceptancée forward and backward regions
which is critical to their success.

It is as yet too early to decide how and when the upgrades stagtjaere should be carried
out. This will depend on the situation with regard to futurERA running. For example,
if running with deuterons were to take place immediatelgrathe completion of the current
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Figure 31: Beamline geometry in the upstream of the H1 det@ctbe proton direction.

HERA programme, only the upgrade to allow proton spectatggitey would be made. If
future running were to be started after a longer shutdowrapes to prepare new injection
lines for HERA, the removal of the GO and GG magnets and coulcbbsidered and all the
upgrades mentioned here could be performed.

5.2 Detecting spectator nucleons, an upgrade of the H1 forward tagging
system

The ability to identify leading forward particles is an essal requirement for the deuteron pro-
gramme at HERA [150]. For example, the deep inelastic stadgtef an electron off the proton
in the deuteron will result in a forward going “spectator’'utr®n carrying approximately half
the deuteron beam momentum, whereas scattering off theomewbuld produce a spectator
proton. Detection of these particles thus allows the idieation of the scattering process. The
requirement that diffractive interactions also be ideadifcomplicates matters somewhat. The
diffractive interaction could be coherent, in which case deuteron remains intact and loses
only a small fraction of its momentump, i.e. it proceeds down the beampipe with a fraction
z = 1 — zp of the beam momentum. Alternatively, the diffractive i@tetion could involve
only the proton, it is then the proton which loses a propartig- of its momentum and both
the proton and the neutron will then continue down the begma.prhe final possibility is that
the diffraction occurs off the neutron which loses a frattig- of its momentum and again, the
proton and neutron continue down the beam pipe. Three disturces of leading particles

57



must thus be identified and measured. These are charadtbysidbe fraction of the deuteron
beam momentum carried by the leading particle, as follows:

¢ Diffractively scattered deuterons arising from the cohediffractive processd — ed X,
withz =1 — xp.

e Spectator protong,, and neutrons:,,, arising during the interactions: — eX and
ep — eX, respectively. The spectator nucleons have 0.50 4+ 0.03 with the spread
arising from the Fermi motion of the nucleons bound withia tteuteron of typically
30 GeV (see figure 10, left.)

¢ Diffractively scattered protons and neutrons, arisingrduthe processes — e¢Xp and
en — eXn, respectively. These havex 0.50(1 — zp) £ 0.03, wherez p this time refers
to the fractional energy loss in the diffractivé’ scattering and the smearing again arises
from the Fermi motion.

As is illustrated in figure 31, H1 already has in place detactbat are adequate for the
detection of particles from some of these sources. For teedase, diffractively scattered
deuterons, the Very Forward Proton Spectrometer (VFPScttetis fully adequate (though
it may have to be renamed). The VFPS has almo6et; acceptance in a well defined range
of zp and, since it covers the lowregion, it is well matched to the very steeply falling
dependence expected for diffractively scattered deusetexponentiat slopeb; x R2, the
squared deuteron radius 4b,). On the other hand, the VFRS-resolution ofO(0.2 GeV?)
will be insufficient to measure thie-dependence of the reactied — ed X .

Detecting final state nucleons produced as spectators,raugh diffractivee/N scatter-
ing, requires taggers sensitive in the region around 0.5. The present Forward Neutron
Calorimeter (FNC) [151] can be used as a neutron detector utifacther modification. It has
an intrinsicp, resolution ofo(p;) ~ 12 MeV for neutrons observed in the pre-shower detector
(probability~ 80%) ando (p;) ~ 45 MeV in the case that all the energy is deposited in the main
calorimeter (probability~ 20%). However, the effects of the beam angular divergence at the
interaction point must also be considered. For the pres&RAdl optics, including the new
focusing magnets, the divergence{9,,) = 0.046 mrad and>(6,) = 0.168 mrad [152], leading
to uncertainties i, andp, of the order o220 MeV and75 MeV respectively. The geometrical
acceptance of the FNC is limited by the aperture offti§, magnets between= 66 and79 m
(figure 31). The best acceptance is achieved when runnitgnwit-zero deuteron beam tilts of
8, = —0.2mrad and), = 0.2mrad. Figure 32 shows the simulated acceptance as a furagtion
the leading neutron’s energy and transverse momentum widhwathout this beam tilt. In the
optimal case, acceptances in exces$08f can be achieved for ~ 0.5 andp; < 0.1 < GeV.

5.3 The proton spectator tagger

The detector that must be added to the H1 apparatus is a geggar sensitive in the region
z ~ 0.5, the Proton Spectator Tagger (PST). As shown in figure 3&rassfthe beam optics are
concerned, this device could exploit the dispersion in thiézbntal plane in the region around
z = 70m or in the vertical plane around = 90m. In both cases, the sensitive region lies
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Figure 32: FNC acceptance for final state neutrons as a mofitheir energy and transverse
momentum (for current HERA k™ optics).

outside the beampipe. Considering the location of the maanipipe components (figure 31),
the most promising location seems to be at arourd90 m.

A possible design for this detector has been investigatht i$ composed of two stations,
one atz = 80...85m and a second at = 95...105m. Each station consists of two sub-
detectors, designed to reconstruct track segments im #mely coordinates at their respective
locations. The transverse size of the statiogfat . 85 mis13 x 6.5 cm? in 2 andy, respectively,
that atd5 ... 105 m 13 x 13 cn?, in accordance with the expected distribution of spectatoion
positions at these locations, as illustrated in figure 34e @bordinate planes df3 cm width
each consist of 64 fibres @imm diameter and of square section, read out through a 643ehan
position sensitive photo-multiplier, as used in the curk¢hFPS. This gives a spatial resolution
of 0.3t0 0.4 mm. The6.5 cm wide coordinate plane is constructed from 4 layers, ebalhich
contains 64 scintillating fibores of mm diameter and square section, with successive planes
being offset by 1 fibre radius. Four fibres, one from each layer adjacent in, are readout
through one pixel of a 64 channel position sensitive photdtiplier, as is shown in figure 35.
The resulting spatial resolution 515 to 0.2mm. A 1% change of the proton energy at the
interaction point results in a deviation inandy at the85 m station of0.2 to 0.25 mm and of
0.5 to 0.5 mm at95 m, so the proposed detector allows a measurement of theaspegtoton’s
momentum with a precision of better tha#. If the track segments in each station are required
to consist of 3 hit layers out of a possible 4, the reconswuagfficiency for each coordinate is in
excess 098% and the track reconstruction efficiency including linkirgilween the two stations
is better thar90%. The rate of spurious tracks which match this requiremeneggigible.

Calibration of the system can be performed on a fill-by-filliassing elastico meson
production off the proton in the deuteron. Measuremengsroésons in the H1 central detector
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Figure 35: Schematic view of the scintillating fibre detestof the Proton Spectator Tagger.

in coincidence with the scattered proton in the PST providetaof constraints which can be
used to determine the transverse position of the scirillpfanes with respect to the deuteron
beam. Trigger signals can be provided by the PST using Katig tiles placed in front of and
behind each sub-detector, read out using photo-multgpliethout multiplexing, as is currently
done for the horizontal FPS station.

The acceptance of the PST, if used with the HERA Il optics withmodification of the
beam pipe is below0%. This can be improved 5% if minor modifications to the beam pipe
are made. Further improvements can be made by optimisinglitrement of the proton beam,
in particular its position within the BU magnets downstreaind1. The maximum achievable
value of the acceptance is thes%, with the value at zero beam tilt beif§%. Further im-
provements may be obtained if the super conducting magn@tsrel GG are removed from
the H1 interaction region, but these have yet to be studiei@iail.

The total costs associated with the construction of the RSduat to100 kEuro. A break-
down of these costs is given in table 2.

Even with full acceptance taggers, spectator nucleons dindatively scattered nucleons
cannot be separated on an event-by-event basis and sondrimpustatistical methods will
be required. To illustrate the ambiguities, the observatiban intact neutron in the final state
scattered through a small angle and having 0.5 could imply any of:

1. Aninelastic scattering from the proton with the neutrerspectator.

2. An elastic scattering from the proton with the neutrongesator.
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ltem Cost (kEuro)

Sixteen 64-channel position sensitive photo-multipliers
(R5900-M64 Hamamatsu) plus 16 trigger photo-multipliers 35
(16 R5600 Hamamatsu)

Fibre hodoscopes 35
Mechanics, platforms 20
Upgrade of electronics, CAEN HV modules, cables 10
Total 100

Table 2: Costs for the construction of the Proton Spectatggda

3. An elastic scattering from the neutron with the protonpsesctator.

It will usually be possible to distinguish possibility 1 fropossibilities 2 and 3 on the basis of
the presence or absence of a large rapidity gap close to theing beam direction using similar
selection methods to those currently employed for diffv@aneasurements [153]. Possibilities
2 and 3, where both nucleons are present in the final statdecdistinguished with rather high
efficiency by using the andp; measurements of the scattered protons and neutrons. :§ince
for a diffractive process is typically of the same size assthearing due to the Fermi motion and
since the energy resolution of the FNC is insufficient, measents of the: variable are not
likely to be particularly helpful. Distinguishing on the $ia of the very different distributions
in p; of the observed nucleons is much more promising. As illtstién figure 32 (right), the
p: distribution of spectator nucleons is confined to very lowuga. Figure 36 shows the
distribution of spectator neutrons observed in the FNC feosimulation of deuteron scattering
events. Even after including the effects of the beam divasgat the interaction point and the
resolution of the FNC, a rather good separation seems pesgitil appropriate cuts. A similar
separation is possible with PST stations sensitive neaf.5.

Determining the precision possible for comparisongofnden scattering will require a
detailed feasibility study, which has yet to be performed.

5.4 Upgrade to the forward region in H1
5.4.1 Introduction

This proposal to upgrade the H1 detector requires that {herstonducting quadrupole magnets
GG and GO be removede. that HERA | optics be used. The goal is to cover the angulareang
from the edge of the LAr calorimeter &t down to0.3°. To extend the detector coverage down
to such small angles, a system of several calorimeterdradgk proposed which will be placed
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in the space made available by the removal of the superctindunagnets inside the forward
track detector (FTD). The general layout is shown in figura@@the geometrical specifications
of the various detectors are given in table 3. In order to getlined information on particle
trajectories and energy, we are considering the use ofatlicgtiorimeters (FTC1 and FTC2).
The amount of dead material in front of the digital calorievet given by flanges, the LAr
cryostatetc. can be corrected for by mounting preshower detectors (FPG@FBR2) directly
outside the vacuum pipe. We also propose to determine tjeetiaies of the particles entering
the preshower detectors by instrumenting the beam pipsjlgpdy the insertion of a system
of circular fibre counters at various positions along thenbdiae. This challenging detector
concept requires detailed investigation, but given thesyasyadvantages of full calorimetric
coverage down to very small angles, such concepts desetheifinvestigation. In figure 38
this scenario is indicated, but it will be not be discussethir here.

Calorimeter| z-position (m)| radius (cm)| polar angle
FPC1 1.25-45 45-95 0.7-2
FTC2 4.75-5.5 45-25 0.7-3
FPC2 8.3-10.3 45-11 0.3-0.7
FTC2 11.0-11.7 45-16 0.3-0.7

Table 3: Thez positions, radial dimensions and the angular coverageeo¥dnious proposed
calorimeters.

5.4.2 Preshower detectors

The preshower detectors (FPC1 and FPC2) are designed to enadnieection to be made for
the energy lost in the flanges, the LAr cryostat, the beam amueother dead material in front
of the digital calorimeters (FTC1 and FTC2). The FPC1 detectthe located in the space
between the beam pipe and the inner wall of the LAr cryostdttae forward tracker FTD.
The size is defined by the available space, giving a radiainskbn from 3.2 cm to 8.5cm and
covering the region from = 130 to 450cm. A possible solution for the proposed detector
would be a sandwich type electromagnetic calorimeter with egmentation in thedirection
and relatively coarse longitudinal segmentation. A schenvéew is shown in figure 39. The
detector consists of 5 sections in thdirection, each section consisting of 2dowers. A tower
consists of 6 alternating layers of scintillator tiles ofctness 1.2 mm and lead of thickness
~ 10mm. The widths of the scintillator tiles vary between 10 mnd 20 mm, depending on
their radial position. The lead absorbers have the shapalbtylinders. The light from each
scintillator tile is collected by a 1.2 mm thick wavelengttifeer fibre (WLS), positioned in a
groove along one side of the tile, and is guided by clear fitwethe photodetectors. All 6
tiles from one tower are read out by one photodetector. ki tbe calorimeter will have 120
readout channels. Since the photo-detectors need todumriota magnetic field of 1.2 T, the use
of silicon photomultipliers or multichannel Hamamatsu tgmoultipliers could be considered.
The readout could be done through the present data SpaCaatatsition system.

The energy resolution of such a setup (FPC1 and FTC1) will beeobtder ofl00% /v E.
This number comes from an analysis of data from the H1 ForMautron Calorimeter (FNC),
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which is a lead-scintillator sandwich calorimeter consgsbf towers with transverse siz2g x

20 cm? in 5 longitudinal sectionsl(x 1.5\ and4 x 2)). Thus, the basic structure of the FNC
detector is similar to that of the proposed setup. In ordenddel the effects of the flangek.
between FPC1 and FTC1, one of the FNC sections was treatedcmdéerial

A similar detector with different longitudinal segmentatican be used in the region be-
tween 8 m and 11 m to cover polar angles between°Ca@fl 0.7.

5.4.3 Digital calorimeter

The extreme forward direction in deep inelastic scattegugnts is characterised by a high
density of very energetic particles, the detection and omeasent of which is particularly chal-
lenging. The combined tracking and calorimetric capaegiof digital calorimeters may offer
some advantages in this region.

It has been recognised that, if the cells in a calorimetesarall enough, a good estimate
of the energy is obtained by just counting the number ceNghith energy has been deposited.
Tests with calorimeters based on the digital technique gase resolutions similar to those of
sampling calorimeters with analogue readout. H1 has detrated that this technique works
using the LAr calorimeter, as is shown in figure 40. Here, mthost finely segmented inner
forward (IF) section of the LAr, the number of cells which kasontributed to an energy mea-
surement is plotted against the measured energy. A very gowdlation is observed. Due to
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the highly segmented readout, information on the partigiection is also obtained. This aids
the application of dead material corrections.

First studies propose that a sandwich hadron calorimetesad, with absorber plates made
of stainless steel and interleaved detector layers. Theskl de resistive plate chambers or
wire chambers operated in the limited Geiger or proporfiomades. The signals are collected
on small pads. In the first two cases, the signal is big enoogiwitch shift registers without
amplification, in the second additional electronic ampdificn is needed. The bits are read
out serially. The response of such a detector has been destiasid simulated in detail in the
context of the TESLA detector. It was shown that the puregtdi signal is linear in energy
and that the resolution can be as good as that achieved usahggaie readout if, in addition
to the information on the number of cells that have fired, tbesity of cells, the correlations
between thenetc. are used.

5.5 Upgrade to the backward region

Measurements at lowandQ? <5 Ge\?, cannot be performed with the H1 detector in its current
configuration. The superconducting GG magnet, necessasotade the focussing required
to get high luminosity for HERAl running, sits within the Hagard spaghetti calorimeter
(SpaCal) and restricts the experiment’s acceptance inggism, into which electrons are scat-
tered at low)? andx. Hence, removal of this magnet and the use of the resultiagesfor an
upgrade of the backward region are necessary for the futuré)f andz physics programme.
This upgrade has to combine precision tracking with higloleg®on calorimetry. Here, we
describe a design which is based on the technologies alirerache within H1.

5.5.1 Physics requirements

The experimental aim of the new phase of loyvneasurements is to achieve high precision and
to extend the acceptance down to squared four-momentusféraras small a9 ~ 0.1 GeV~.
LargerQ? values can be measured with the existing SpaCal and trackiviges. The main
requirements can be summarised as follows:

e Measurement of the energy of the scattered electron tomiit% to 1% in the range
E. > E!Z2GeV. This can be satisfied with a very backward electromagspaghetti
calorimeter (VBES).

e Measurement of the polar angle of backward scattered trdaks to scattering angles
of 0.2mrad. This requires a silicon tracker. For alignmeamppses, a further tracking
device attached to the VBES is also essential, here this isreeskto be a proportional
chamber similar to the current backward proportional chemiBPC).

e Control of efficiencies to within 0.5%. This requires redumciain the tracking and the
SpaCal calibration procedure.
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e Measurement of the charge symmetry of the low energy photlymtion background to
1% accuracy. This requires high statistics and high rewisilicon) tracking preceding
the calorimeter. Keeping the electron tagging (lumingsstystem to allow independent
measurement of the photoproduction background is alsoatssj even though a signifi-
cant part of this will be measured in the new backward spewter itself.

e Measurement of the luminosity to better than 1% precisioth&¢leitler scattering will
be measured by the new backward spectrometer and by thentlumginosity system.
This redundancy will improve the luminosity measuremegtiaacy beyond the currently
achieved level of 1.5%. Th@«? corrections to the cross section measurement will have
to be calculated and used in the luminosity determinatioth@dack of these currently
causes a 0.5% theoretical uncertainty in the HERA luminasgasurement.

e Reconstruction of the energy-momentum balance of the eyemigasuring the variable,
yn = (FE — p.)/2E.. This has been achieved in the H1 detector by combining itngck
with accurate LAr calorimetry, with a precision of 1% for tbkectromagnetic and 2% for
the hadronic energy calibration. This reduces the radianrrections that must be made
to inclusive cross section measurements to a tolerablé e allows the redundant
reconstruction of the kinematics.

The resulting measurement uncertainty for the inclusiesssection is estimated to be below
1% in the mediumy range and to reach a maximum of 2% at the highesalues. In the
following, the main items of the upgraded H1 backward apyarare briefly presented.

5.5.2 Moadifications to the H1 backward region

A sketch of the backward spectrometer is shown in figure 4Lisdts the space freed up by
the removal of the GG magnet and also that that was taken upebgampensator coil during
HERAI running. The HERA machine group inform us that this wiitmequired, even if we
return to HERA| optics. Accurate measurements in the “ttarsiregion”, Q* ~ 1Ge\?,
require that the acceptance be smooth. The proposal is thomve a sizeable part of the
SpaCal calorimeter [154] backwards so that is has full aeceet for polar angles between
173° and 179°, for an inner beam pipe radius 6f ..4cm. The kinematic coverage of this
device is illustrated in figure 42.

5.5.3 The very backward spectrometer

The general layout, as shown in figure 41, comprises threerags

1. The very backward silicon tracker (VBST) together with Wleey very backward silicon
tracker (VVBST).

2. The very backward electromagnetic SpaCal (VBES).
3. The very backward proportional chamber (VBPC).
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Figure 42: Kinematic coverage fep scattering of the H1 apparatus extended in the backward
direction for the default beam energy (left) and for a praveam energy reduced by a factor
of two (right). The very backward electromagnetic SpaCal (@B&nd associated tracking
detectors have an acceptance between aboutdiB8179 which covers the transition region
from deep inelastic scattering to photoproductiar, from aboutQ? = 10GeV? down to

Q? = 0.2 Ge\” at larger and shifted towards lowep? values at smalt. At large values of the
inelasticity,y, which correspond to small energig$ of the scattered electrop ¢ 1 — E./E'),

the hadronic final state at lo@? is also scattered into the backward direction.
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VBPC front face position —300.0cm
VBES front face position —308.3cm
VBES radius 40.5cm
Beam pipe radius in VBPC/VBES regign 4.0cm

Table 4: Parameters of the new very backward calorimetervang backward proportional
chamber.

SpaCal technology is an obvious choice for the very backwalatimneter due to its high res-
olution, stability and triggering capability. Moreoversauof this technology ensures an ho-
mogeneous and straightforward approach to data handieagi¢ut, trigger and calibration),
simulation and reconstruction, achieved by incorporativg VBES into the existing SpaCal
environment.

The required angular coverage is obtained by remoging3 inner supermodules of the
electromagnetic SpaCal. These can be used for the VBES. Itiaddhe 16 innermost cells
of the hadronic SpaCal are removed and the opening in the lzadkvon shells is widened at
the positionz = —261.9cm to 35 cmx 35cm??. In the arrangement sketched in figure 41, the
small acceptance gap between the main electromagnetic EpaCne VBES will be covered
by exploiting the variation irr of the position of the primary event vertex.

The dimensions of the proposed configuration are given ile thb

5.5.4 Very backward silicon tracking

Tracks emitted in the backward direction can be reconsttuasing silicon strip detectors, as
has been successfully done with the BST at H1 [155]. The higbluéon and redundancy
provided by 4 to 5 spatial hits, together with the measureésh#om the planar proportional
chamber, allow the reconstruction of thevertex and hence the polar angle of the scattered
electron with high accuracy using only the electron trackisTs necessary in order to reduce
the background from photoproduction events in which’a— ~~ decay fakes the signal of
a scattered electron at high and in order to reduce the dependence of the vertex reconstr
tion on central tracks at low, which has previously been a major limitation in cross secti
measurements at large A rather uniform acceptance can be achieved with two madolee
(the VBST) covering the angular range from aba@s° to 177°, and the other (the VVBST)
covering the lowest)? region corresponding to angles of aba@t° to 179°. The sensors can
be made of single side@l’ wafers, mounted back to back, which ensures high signaliseno
performance and homogenous acceptance. The main paramktieis design are summarised
in table 5.

Near the beam axis, the H1 solenoidal field is still rathefarm even in the very backward
region, its value reduces from 1.2 T at the interaction ptwrdabout 1 T at: = —3m. Simu-
lations, shown for two values @fin figure 43, demonstrate that the momentum of backward

10This latter requirement necessitates the removal of orfeeafiuon chambers in this region. The consequences
of this for the physics performance of the H1 detector atktgtbe investigated. If they are severe, a new, smaller
module can be built.
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VBST z positions/m -1.30 -1.40 -1.50 -1.60 -1.70
rmin/cm 10

rmax/cm 22

number of planes 10

area of Siin m 1.2

estimated cost in KEurp 600

VVBST z positions/m | -1.85 -2.00 -2.15 -2.30 -2.45 -2.60
rmin/cm 4

rmax/cm 16

number of planes 12

area of Siin M 0.9

estimated cost in kEuro 450

Table 5: Parameters of the new backward silicon tracker mesgdmade of” wafers, single
sided and mounted back to back. The resolution requiredoigtatb:m which can be achieved
with, for example, a pitch of 2bm with every third strip being readout. An amplifier such as
the radiation hard version of the APC128 [156] would be adegio this purpose.

scattered tracks can be reconstructed with the necessaraayg using the run vertex as a con-
straint. This is accurately determined by the CJC and theaesilicon detectors. As has been
done using the BST and the SpaCal [155], the VBES can be calibeateé the background
to the highy DIS sample determined. The background is removed by suingaihe “wrong
charge” photoproduction events from the “lepton beam dafaegents which consist of photo-
production background and the required higbBIS events, see figure 44. This allows reliable
measurement of the DIS cross section up to the higheatues, and thus the extraction of the
longitudinal structure function.

The second very backward silicon tracker, the VVBST, reguaneexit window in the beam
pipe in order that the momentum measurements it makes aspaib¢d by multiple scattering.
Such windows have already been used at HERA, for exampledéatEtUS BPC spectrometer.

5.5.5 The very backward proportional chamber

The requirements that there be redundancy in the backwackitig and that the VBES cluster

position be accurately reconstructed as well as alignmemsiderations make it necessary to
have a tracking chamber positioned immediately in fronthef VBES calorimeter. Here, we

propose that this chamber be similar to the present BPC. Thisoshaious advantages with

regard to operation and software development. The champarameters are summarised in
table 6.

5.5.6 The very backward electromagnetic SpaCal

The VBES is composed 6f x 5 supermodules, corresponding2® x 20 cells, each of lateral
dimensiorn20 x 4.05 cn? and including 4 veto cells placed immediately around therbpae.
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Figure 43: The main task of the silicon tracker is to measheepolar angle and the charge
of scattered electrons. At low energies, depending on ther goattering angle, the tracker
measures the momentum with sufficient accuracy to allow #ibration of the VBES energy
scale, as is done currently with the H1 BST/SpaCal detect&s]|[1With exit windows as
sketched in figure 41, the multiple scattering as the elasti@verse the beam pipe is negligible
compared to that which occurs in the silicon planes.

z position/m —3.00
square inner radius (cm) 5
square outer radius (cm) 40
number of wire planes 3x2
spatial point resolutioryfm) | 250
estimated cost (kEuro) 100

Table 6: Parameters of the very backward proportional clearfBPC) which is attached to
the VBES.
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Figure 44: The ratid”/p of the energyE measured in the SpaCal and the momentumea-
sured in the current BST. The small peak at negatii®the wrong charge background while
the large peak comprises both the dominant DIS signal anghb&production background
due to particles with the same charge as the beam positrons.

Its total size is31 x 81 cm? and total weight 1.2 tonnes. The latter is much less than.8i®6fne
weight of the compensator coil which was supported at apprately the same position during
HERAI running and therefore does not present a problem. Twmmp for supporting the
VBES are possible:

1. Construct the VBES in two halves, split vertically, and figgk directly to the iron shells
(north/south). The position reproducibility of the ironedls is better thanv 1 mm. A
precise optical position monitoring systexg. as used in the H1 Roman pots could be
installed to measure the shell positions with an accuraaghi@g~ 10 um.

2. Support the VBES on a long lever arm from the wall or magnielgier, as was done for
the compensator coil.

The number of new modulestc. that must be fabricated for the VBES is limited. Assuming
that nine SpaCal electromagnetic supermodules can be rel@eww supermodules, with a
total of 256 new electronics channels will be required. A bemof useable supermodules are
still available from the mass production of the electronegnSpaCal with additional free lead
sheets. Moreover, the rolling machine is still availabled @an be used for the production
of more lead sheets. The number of required new channelsfitdwo new analogue boxes
which would have to be equipped with 16 front-end analogudscalhe approximate cost of
the VBES is given in table 7.

77



The possible effect of any non-uniformity of the magnetiddfien the operation of the
Hamamatsu R-5505 photomultipliers requires more investigaSmall distortions of the mag-
netic field leading to limited gain losses can be compendately the application of higher
voltages.

Due to the increased separation in time of electrons andmpsfdeuterons in the VBES,
the veto function of the present backward time-of-flightegscould be taken over by a VBES
trigger.

300 Hamamatsu PMT’s for VBES 150 kEuro
2 Wiener analog boxes power supplies for VBES30 kEuro
20 front-end and 20 analog cards for VBES | 100 kEuro
fibres and lead 30 kEuro

Table 7: Estimated cost for the new very backward Spacal

5.5.7 Backward spectrometer summary

A new backward spectrometer has been sketched which eral3as be measured with high
precision in the transition region of momentum transf@fsbetween 0.2 and 10 GéV The
spectrometer is based on H1 experience with silicon trgckid SpaCal calorimetry supported
by a proportional chamber. This system can be realisedmithi. 3 years of approval for an
estimated cost of 1.6 MEuro. Such a system is essential jofudure attempt to access the low
x region with the H1 detector after completion of its high lawsity programme.

6 Future HERA operation

6.1 Introduction

This section of the report describes briefly some of the maatifins that will have to be made
to the HERA accelerator complex if it is to provide the beanedeel for the electron-deuteron,
electron-ion and spin programmes described above.

6.2 Deuteronsin HERA

Since deuterons have about twice the mass of protons, thveyehlawer speed than protons of
the same kinetic energy. Therefore the acceleration okdens to, and storage at, high energy
in HERA would require some modifications to the very low enegogyt of the pre-accelerator
chain: from the radio frequency quadrupole (RFQ) throughANAC-111 and into DESY-III.
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e Deuterons would be accelerated in LINAC-III in the so calleX” mode whereby
deuterons enter the linac with about half of the speed trafptiotons normally have
and “see” a gap voltage of half of the standard so that theedens$ would remain at half
the standard speed for the whole length. The linac would batthe standard frequency
and the deuterons would see only every second availableirkithe accelerating gaps
between the drift tubes. Thus they would emerge with 25 Me\éke energy instead of
the 50 MeV of protons. In this way, LINAC-I1l would need no médations.

e A new dedicated RFQ would be needed and it should produce djoéree speed for the
linac.

e At 25MeV the circulation time for deuterons in DESY-III is@ttt 6 iisec instead of the
3 usec for 50 MeV protons. At 7.5 GeV/c the circulation time is abdyisec. So for
deuterons the radio frequency accelerating system in DEHSWuld need to be modified
to give a frequency range of six instead of three.

e The crossing of the “transition” energy in HERA would need éohandled.

e Enhanced space charge and intra-beam scattering effecisl Wwave to be accommo-
dated.

Estimates of the luminosity achievablecdrunning suggest it will be approximately half
of that attained irep collisions at HERA.

6.3 lonsin HERA

The last of the difficulties mentioned above for the storiacgeleration and collision of elec-
trons and deuterons in HERA becomes increasingly problemaatthe charge of the ions in-
volved increases. The ion beam lifetime therefore dececesm@dly with increasing atomic
mass and operation of HERA with ions heavier than deuteriumdveequire the introduction
of ion cooling schemes. Electron cooling in the final stagéhefinjector chain and in HERA
itself would allow respectable luminosities to be achiewath ions as heavy as carbon and
oxygen [158].

Recently, an alternative cooling scheme has been propoaedelies on the excitation of
the accelerated nuclei by laser light [159]. The frequerfdh® laser must match the energy of
a nuclear transition in the ions of the beam, once allowaasdken made for the Lorentz trans-
formation to the frame of reference of the beam particlesteMimergetic nuclei are favourably
excited by the light due to the doppler effect and this, tbgetvith the scanning of the laser
frequency from lower to higher values, leads to the requi@aling. Because of the necessary
matching of the laser frequency and the nuclear transitionly particular pairs of lasers and
nuclei are suitable for this cooling scheme. It would be fadsgo construct a laser based on
FEL technology, similar to the TTF laser, which matches thergy of a nuclear transition in
mercury. This raises the intriguing possibility that HERAuttbbe used for the collision of
electrons with?"'Hg ions [159].
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6.4 Polarised protons and deuterons in HERA

If the HERA acceleration chain is to be upgraded to handleaitens, then serious considera-
tion should be given to ensuring that spin polarised denteoan also be provided. DESY is
already expert in the theory, phenomenology and practitegbf energy, highly longitudinally
polarised electron and positron beams in the HERA electrogn iMoreover, members of the
HERA accelerator group have devoted several years to ansaxestudy of obtaining polarised
protons at high energy in HERA [160-165]. Whereas electroarsation occurs naturally as
the result of synchrotron radiation emission, polarisemtgrs must be provided from a source
and then accelerated. Thus that study covered the mairgedpolarisation in all accelerators
of the acceleration chain. Moreover, owing to the very higargy (920 GeV) to be reached it
was necessary to develop very significant extensions toaheeptual basis, both mathematical
and physical, for the understanding of depolarising effélctring acceleration. These concepts
were then exploited in the large and sophisticated compoige SPRINT which was specially
written for this study [164, 165]. The provision of polarsprotons at high energy would en-
tail a large effort. However, as explained below, the priovisof polarised deuterons would
probably entail less effort and would be a natural develaogrfe DESY. In this case too, the
deuterons would have to be polarised already at the sourtenpolarised deuteron beam has
already been stored at 100 GeV in the Relativistic Heavy loridasl (RHIC) at Brookhaven
National Laboratory (BNL) [166]. Since deuterons are fragil is important to know whether
they dissociate during collision with the electromagnéegtds of the oncoming beam (beam—
beam interaction). In principle a first impression of theeleof dissociation can be deduced
from measurements of deuteron beam lifetime in RHIC.

There are four basic elements in the provision of high enpaigrised deuterons:

a source of polarised deuterons:

a way of maintaining the polarisation during acceleration:

a way to manipulate the direction of the polarisation at titeraction points at the top
energy:

polarimeters to monitor the polarisation at each acceleiatthe chain and provide in-
formation for optimising the chain.

6.4.1 The source

In analogy with the case of polarised protons, a source dapdlaelivering 20 mA pulses of
highly polarisedD~ atoms would be needed. But for deuterons the ten turn injettimugh
the stripping foil would need6 usec pulses instead of th&3 usec pulses of protons. As with
protons, invariant emittances F mm mrad would be needed.
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6.4.2 Maintaining polarisation during acceleration

The central problem for the acceleration of any polarisezhb@ a circular accelerator is the
coupling of the spins to the magnetic guide fields. If theipkes were only confronted with
the vertical bending fields, then vertical spins could besbrated without problems. However,
the particles must be contained using quadrupole fields Tben the vertical spins are tilted
away from the vertical by the radial fields in the quadrupaled tilted spins precess around the
vertical bending fields. These combined influences can leagty strong disturbance of the
spins and to a potential decrease of the polarisation wieetle® spin—orbit resonance condition
Vspin = Mo+ My - Qz +m, - Q. +my- Q) is satisfied. In this expression the, , . ; are integers,
the ). . s are the “tunes” of the horizontal, vertical and longitudin@otion, andv,,,, is the
“spin tune”,i.e. the number of times per turn that a spin precesses arouncethieal in the
bending fields. In a flat ring with no solenoid fields,;, = ay wherea is the gyromagnetic
anomaly andy is the Lorentz factor. Since,,,, is proportional to energy, the beam can cross
the spin—orbit resonance condition many times before thet®rgy is reached.

6.4.3 Protons

For protonsga ~ 1.7928 so thatv,,;, increments by one for eveh23 MeV increase in energy.
Thus on the way to 920 GeV thousands of resonances are crasdedthout recourse to spe-
cial measures the polarisation would be lost. The primargisuee for protons in PETRA and
HERA is to introduce magnet systems called “Siberian Snakésch have the effect of fixing
Vspin 10 De essentially independent of energy and close/?o Thus, by suitable choice of or-
bital tunes, resonance crossing and depolarisation cavdigea during acceleration. Siberian
Snakes would cause too much orbit distortion in DESY-III battalternative strategies are
needed. In particular, for the so called imperfection resges «,,;, = mo), “partial snakes”
would be used. These deliberately reverse the directidmegbolarisation at resonance crossing
while preserving its value. An analogous approach wouldde=lat the next most important
resonances, namely the first order vertical intrinsic rasoBs ¢,,:;, = my = ().). In that case
the vertical orbital amplitude would be temporarily incsed by applying a radial radio fre-
qguency field close to resonance with the vertical betatrotiamoThe use of Siberian Snakes to
maintain proton polarisation up to high energy, namely upd0 GeV/c in RHIC, was demon-
strated in December 2001 [167].

6.4.4 Deuterons

In contrast to protons, for deuteroasz —0.143. In addition the deuteron mass is about twice
the proton mass so that at the same momentusabout half of that for protons. Thusy
increments by one for every 13 GeV increase in energy. As a result, deuteron spins would
be subject t@5 times fewer resonances on the way to the top energy. Morgibnestrength of
the coupling of the spins to the magnetic fields is a fact@bagmaller than the for protons so
that the so called “resonance strengths” which quantifyinfleaence of resonance crossing on
the polarisation, are of the order 23 times smaller, as shown in figure 45.
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Figure 45: A comparison of the resonance strengths for psoémd deuterons in the HERA
proton ring [168]

In summary: for deuterons there are far fewer and far weasmmnmances than for protons.
This gives grounds for optimism that the preservation ofiear deuteron polarisation during
acceleration to the top energy would be much more practiwktraightforward than for pro-
tons. Nevertheless, since the resonance strengths aremgtsome depolarisation must be
expected. But given the low number of resonances, there roghktope for energy dependent
“spin matching”,i.e. adjusting the optic so as to minimise the depolarisatior@stesome
resonances are crossed. In any case, the level of depttanisaust be estimated by careful
and extensive spin—orbit tracking simulations using SPRINGte that the interleaved vertical
and horizontal bends on each side of the North, South andiBasaction points represent
significant magnetic field imperfections for the spin motimrt might in fact be put to use as
partial snakes and thereby serve to overcome depolansdatie presence of the vertical bends
would also mean that the polarisation would in general natzetly vertical in the arcs or at
the interaction points. However, the direction of the pisktion could be precisely calculated
and the energy chosen so as to minimise the tilt at the irtteragoints.

6.4.5 Manipulating deuteron polarisation at the top energy

A complete experimental programme with polarised deugmwould involve longitudinal po-
larisation as well as transverse polarisation. In the céggatons this could be achieved by
means of spin rotators,e. special magnet systems which rotate the polarisation tgitien
dinal just before an interaction point and then back to thicad after the interaction point.
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Such rotators would be about 10 m long and have fields of abdwtsdat RHIC. However, for
deuterons the weakness of the spin orbit coupling, whicradaantages for preserving the po-
larisation during acceleration, makes it impossible tostartt practical spin rotators: the field
integral would have to be about 25 times larger than for pratd-or the same reason, prac-
tical Siberian Snakes cannot be built for deuterons althpag we have implied, they would
probably not be needed. However, it has been suggestedl[2@that spin rotation could be
achieved by applying an external horizontal radio freqydigtd with a frequency chosen close
to resonance with the natural spin precession, in partiaitse to resonance with the frac-
tional part ofv,,;,, = ay. This would be analogous to manipulation of spins by spinmasace

in condensed matter physics. Once the beam had reacheddud\e the radio frequency field
would be switched on and its frequency would be swept to thermance, thereby adiabatically
dragging the polarisation to the direction of the exterraltifat the field source. By choosing
a suitable energy and a suitable position (or direction)ttier external field, the polarisation
would be longitudinal at one interaction point. Examplesreha radio frequency field has al-
ready been used for manipulating, in fact flipping, deutesuins are mentioned below. The use
of such fields is common practice for depolarising electqmositron) beams and for flipping
the polarisation of proton beams. The next step is to cheeKehsibility of the suggestion
in [169, 170] by carrying out extensive and realistic spisotracking simulations for very
high energy deuterons.

Beam—-beam forces can have a profound effect on beam staititpolarisation. This must
be investigated with SPRINT.

6.4.6 Manipulating deuteron polarisation in LINAC-1Il, DESY- Il and PETRA

There would be no depolarisation in LINAC-III and it is expstthat for the limited and rel-
atively low energies of DESY-IIl and PETRA, resonant depsktion would not be a serious
problem. But, as for the HERA ring itself, this must be checkgeXtensive spin—orbit track-
ing. Ifitis needed, spin matching might be feasible in thésgs too. Polarised deuteron beams
were accelerated to 12 GeV in the Argonne ZGS [171], and t&2\3in Saturn (Saclay) [172].
A polarised deuteron beam has been accelerated to 9 GeV¢RitDubna [173] and deuteron
polarisation has been maintained up to 10.2 GeV in the KEKH1F8]. Deuteron spins have
been flipped at very low energy in the IUCF ring [175]. Polatiseuterons can now be stored
in the COSY ring at Juelich at 1.85 GeV/c [176]. Deuteron spmlifhs also been achieved in
COSY.

6.4.7 Polarimetry

In addition to the polarimeter needed to provide absolutarsation measurements at the top
energy, polarimeters are also needed to monitor the patamsat each accelerator in the chain
and provide information for optimising that chain. Howeulese latter need not provide abso-
lute measurements; relative measurements would sufficikeACEK-PS and at Dubna the vec-

tor polarisation is measured by observing elastic scatjesn carbon. Further work is needed
to develop polarimeters for very high energy, see also tbeudsion in [177]. Polarimeters for

both vector and tensor polarisation would be needed.
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7 Summary

Since its discovery thirty years ago, Quantum Chromo-Dygarhas proven to be an enor-
mously rich theory that continues to excite the intereshebtetical and experimental physicists
alike. One of the most powerful experimental techniquesterstudy of QCD is deep inelastic
scattering, and the preeminent facility for DIS is the HERAlider at DESY. HERA is cur-
rently engaged in investigations of the highest energylejptroton collisions ever achieved in
the laboratory, allowing the probing of proton structurgvddo distances %th of the size of
the proton and the search for physics linking the electrévesa strong sectors of the Standard
Model (SM). Following the completion of the current HERA prammme, the HERA collider
and the H1 experiment can be used to investigate some of tstanding problems of QCD.
These include:

e Mapping the parton distributions of the nucleon and undeinhg the constraints, for
example due to non-perturbative effects, that influencedlabstributions.

e Precise measurement of the strong coupling constant, diséweell known of the funda-
mental constants of nature.

e Studying effects such as diffraction and shadowing anditiks between them.
¢ Investigating QCD at high parton densities in nuclei.
e Studying colour radiation processes over the full rapidcityge available at HERA.

e Developing a 3D picture of nucleon structure via the studgeéply virtual Compton
scattering and related processes.

¢ Understanding the partonic origins of nucleon spin.
This Letter of Intent proposes that HERA should be used tadso#lectrons and positrons
with deuterons in order that the first points above can beemdéd. The Letter describes

the suitability of H1 as a detector for this programme angpses upgrades where these are
needed.

Extensions into the forward and backward regions and tHeyatai measure DIS with high
precision open an exciting perspective for the H1 expertrbeyond its current phase, including
measurements of parton interactions at high density anexpleration of spin in an unknown
kinematic domain.
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