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INTRODUCTION

The International Symposium on Near Beam Physics was held at Fermilab September 22-24, 1997.
More than sixty physicists attended including representatives from BNL, CERN, DESY, Fermilab,
IHEP (Protvino), KEK, and SLAC.

The purpose of the symposium was to assay the current understanding of beam halo phenomena,
accelerator techniques, and diffractive physics and other experiments that operate near beams. The
emphasis was on theinterplay of these subjects, not so much on experimental results. The symposium
also apprised future possibilities and probed where additional work was useful to facilitate near beam
operation.

The introductory presentation was given by Giorgio Matthiae (Rome). Matthiae pioneered the de-
velopment of the Roman pot, one of the first devicesto run near circulating beams. He noted that de-
velopments go back three decadesin thisfield. Roman pots are now being used as adjunctsto powerful
collider detectorsto study hard diffraction processes. Another pioneering*“in-beam” technique, the use
of gasjets, wasreviewed by Mario Macri from Genoa. The history of gas jets aso goes back twenty-
five years to E36, the first experiment to operate at Fermilab. A rich tapestry of diffractive physics
issues can be attacked with these techniques. These possibilities were emphasized by Johannes Ranft
of Siegen. He described a number of interesting theoretical topicsthat could be addressed with a near
beam approach.

Michael Albrow of Fermilab reported on the recent addition of Roman pots to CDF for diffractive
studies. Andrew Brandt (FNAL) described the proposed addition of Roman potsto the DO experiment
for detailed studies of hard diffractionin Run Il a Fermilab. Carsten Hast, Klaus Ehret, and Michael
Bieler reported on the status of HERA-B, the B-physics experiment at DESY that will exploit awire
target placed near the DESY proton beam. Bieler also discussed the HERA proton collimation system
and the HERA beam diagnostic system and gave an overview of the Roman pot forward spectrometers
in operation at HERA. Dan Kaplan of 11T described plansfor BTEV at Fermilab where asimilar pos-
sibility is being discussed. Other new possibilities included the FELIX concept at the LHC reported
by Cyrus Taylor (Case-Western Reserve) and work at Fermilab proposed by Larry Jones and Michael
Longo (Michigan). These approaches seek to investigate the diffractive region in more detail.

Beam dynamicsissues were covered by Todd Satogata (BNL), Pat Colestock (FNAL), Weiren Chou
(FNAL), and Walter Scandale (CERN). While much progress has been made, the presence of non-
linearities and the difficulty of halo characterization complicate progress toward a practical under-
standing in this area. Some of the best information on beam halo is provided by experimental and
theoretical work on collimation. Collimation studies were reported by Bernard Jeanneret (CERN),
Michael Sullivan (SLAC), and Stanley Pruss and Alexandr Drozhdin of Fermilab. Michael Church
briefed the symposium on the collimation system planned for the Tevatron in the coming years.

At Brookhaven's RHIC with its heavy ion beams some of the beam dynamics and collimation issues
will be particularly intriguing. Dejan Trbojevic described the collimation considerations for the ma-
chine while Sebastian White reported on the development of a new zero degree neutron calorimeter
for luminosity monitoring that might also have applications at LHC.

Operating near an accel erator beam poses several difficult challenges. Mechanical stability isimpor-
tant. Vasily Parkhomchuk of Novosibirsk and Craig Moore of FNAL outlined some of the experience
with vibration problems. Hisayasu Mitsui (Toshiba) summarized work at KEK with Ken Takayamain-
vestigating radiation damage to near beam components. Alan Hahn and Vladimir Shiltzev of Fermilab
discussed instrumentation for beam monitoring.

By its nature, extraction requires operating near the accelerator beam. One of the interesting new
extraction developmentsis the use of bent channeling crystals. Several proposalsfor the use of chan-
neling extraction have appeared over the last severa years. Alexey Asseev presented an overall re-
view of the work at IHEP (Protvino) including their pioneering work on crystal extraction. Konrad
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Elsener reviewed the very detailed studies of crystal extraction at CERN. Thornton Murphy summa-
rized the recent 900 GeV Fermilab extraction experiment where luminosity-driven extraction wasre-
cently achieved. Vaery Biryukov of IHEP reported on theoretical investigations of the process, noting
that the efficiency can be modeled quite well.

Walter Scandale (CERN), Cyrus Taylor (Case-Western Reserve), and Nikolai Mokhov (FNAL)
closed the symposium with reviews of several broad questions. They listed some of the principal con-
cerns of experiments: halo free beams, stable orbits, luminosity measurements accurate to 2-3%, and
good collimation to reduce backgrounds. Perhapsthe ultimate criterion for bragging rightsin the near
beam field is the distance a device is from the beam in units of beam size. A survey of accelerator
practice around the world showed just how close some devices operate: crystals and wire targets are
positioned at 3.5 to 9 sigma, primary collimators at 5.5 to 8 sigma, and Roman pots at 8 to 15 sigma
from the beam axis.

Most of the participants felt the conference was extremely successful and led to many useful dis-
cussions between accelerator experts and experimentalists. It is clear that continued interactions will
result in better understanding and better performance of accelerators and improved experimental ca-
pabilitiesfor experiments operating near beams.

The Symposiumwas sponsored by Fermilab with particul ar support fromthe Beams Division and the
head of the Division, David Finley. Additional help wasreceived from KEK. The organizing commit-
teeincluded Dick Carrigan and Nikolai Mokhov along with Michael Albrow (FNAL), Alexey Asseev
(IHEP), James Bjorken (SLAC), Klaus Ehret (DESY), Alan Hahn (Fermilab), Werner Herr (CERN),
Jm Holt (FNAL), Daniel Kaplan (I1T), Peter Kasper (FNAL), Steve Peggs (BNL), Stanley Pruss
(FNAL), Alberto Santoro (L afex/Cbpf Rio), Walter Scandale (CERN), Michael Sullivan (SLAC), Ken
Takayama (KEK), Cyrus Taylor (Case-Western Reserve), and Ferdinand Willeke (DESY). The con-
ference secretaries were Marion Richardson and Cynthia Sazama. The cover was provided by Angela
Gonzales. Cynthia Crego and Dmitri Mokhov helped at some stages of the proceedings preparation.
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Near Beam Physics— Introductory
Prospect

G. Matthiae
Universitadi Roma |l and Sezione INFN, Roma, Italy

Abstract

The near beam experiments make use of the techniquein-
vented at the CERN ISR about 25 years ago to study elas-
tic scattering at small angles with detectors very close to
thecirculating beams. Thetechniquewasfurther developed
at the SPS collider, at HERA and at the Tevatron to study
diffractive processes. Applications are foreseen at RHIC
and LHC.

1 NEARBEAM PHYSICS

| wishto start with abrief overview of somerecent and typ-
ical dataon near beam physics. The measurement of theto-
tal cross section o;,,; involves observation of € astic scatter-
ing a low momentum transfer - atypical near beam exper-
iment. The luminosity of the hadron collidersis generally
not well known and therefore o, is obtained with the lu-
minosity i ndependent method using the following formula

167 (dNey/dt)i=o
14 p?) Nei+ Ninel

Otot = (

where (dN;/dt):—o is the elastic scattering rate extrapo-
lated tot=0 and IV;,,.; istherate of theinelasticinteractions.
Thecorrection dueto the parameter p (ratio of thereal tothe
imaginary part of the forward amplitude) is small and suf-
ficiently well known.

A compilation of the total cross sections for proton-
proton and proton-antiproton collisions in the high-energy
region is shown in Fig. 1. It is evident that o, iSrising
with energy but the actual rate of increase is still a matter
of debate. The solid linein Fig. 1 isthe result of a disper-
sion relation fit [1] where the high-energy dependence of
oo+ Was described by the term (log s)”. The best fit gives
v =22+0.3.

The fit reproduces well the data [2] at /s = 546 GeV
whileat /s = 1.8 TeV it predictsavalue of o;,; which lies
between the two measurements at the Tevatron. The result
of E710 [3] seems to favour alog s increase while the re-
sult of CDF [4] favours the (log s)? dependence. Cosmic
ray data have large uncertainties but are consistent with the
extrapolation of ref. [1].

At the energy of the LHC, /s = 14 TeV, the fit predicts
oot = 109 + 8 mb while extrapolating as log s, one would
obtain Otot =~ 95 mb.

The (log s)? dependence corresponds to the maximum
rate of increase with energy which istheoretically alowed
by thefundamental theorems [5] on the asymptotic proper-
ties of the scattering amplitude.

Another typical near beam measurement is the observa-
tion of the interference between the strong-interaction and
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Fi gure 1: Thetotal cross section for pp and pp scattering is shown to-
gether with the prediction of the dispersionrelationsfit of ref.[1]. The best
fit (solid line) correspondsto v =2.2. The region of uncertainty is delim-
ited by the dashed lines. The dotted linerefersto v = 1.

the Coulomb amplitude which givesinformation on the pa-
rameter p. Coulomb interference takes place at so small
angles that we should consider these experiments as being
“very near” to the beam.

A quantity useful for the understanding of themechanism
of high-energy collisionsistheratio o.; /o, whichisplot-
ted asafunctionof energy in Fig. 2. The Tevatron data con-
firm the trend already observed at the SPS collider that the
ratio o.;/ oo+ iNcreases with energy. This observation tells
usthat the effective“ opacity” of thetwo colliding particles
increases, although slowly, with energy.

Closdly related to elastic scattering is the process of sin-
glediffraction dissoci ation which may beregarded asatwo-
body reaction

p+p—-p+X or p+p—p+X
where oneof thecolliding particlesisexcitedtoasystem X
which then decays into stable particles.

The energy dependence of the ratio of single diffraction
to the tota cross section, osp/ctot, 1SShown in Fig. 2 to-
gether with theratio o.; /o1 At present energies osp is
a sizeable fraction of o4, but itsrelative importanceis de-
creasing with energy.

Themass M of thediffractively produced system X may
takelargevauesin high-energy collisions. If pg isthebeam
momentum and p the momentum of the fina state parti-
cle which is scattered quasi-elastically and recoils against
the system X, the mass M isgivenby M? = (1 — z) s
where . = p/po. High-energy data provide evidence for
diffractive production up to M?2/s ~ 0.05. The momen-
tum spectrum measured by CDF [6] and shown in Fig. 3
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Figure 2: Theratios oo /oot and osp /otor are shown as afunction
of energy. The ISR data on diffraction dissociation are from the CHLM
collaboration [ref.7]. Thelines are linear extrapolationsto guide the eye.
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Figure 3: The momentum spectrum of the particle which is scattered
quasi-elastically as observed by CDF at the Tevatron.

has a large peak a = > 0.95 which corresponds to diffrac-
tive production. The LHC with itsvery large c.m.s. energy
opens new possibilitiesbecause M isaslargeas 3 TeV for
M? ~ 0.05 s.

The mass dependence of the production cross section
was studied by several experiments. The data [7, 8] a
a fixed vaue of the momentum transfer, —t = 0.5 GeV?,
which are shown in Fig. 4, indicate that the spectrum has
a 1/M? behaviour as predicted by the classica theory of
triple Pomeron exchange. Deviations are expected, how-
ever, inthe Regge model s with effective Pomeron intercept
larger than one.

The region of large momentum transfer is of course of
grest interest both for eastic and for diffraction dissocia
tion. At present energies the differential cross section of
elagtic scattering shows a diffraction-like structure which
is followed by a smooth behaviour. According to a QCD
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Figure 4: The mass spectrum of the diffractively produced system. The
line representsthe 1/M 2 behaviour.

model [9], at |arge momentum transfer the dominant mech-
anism is the three-gluon exchange diagram which predicts
do/dt ~ 1/t®. However, other models lead to different
conclusions. The impact picture of ref.[10] and the Regge
model of ref.[11], predict the emergence of adiffraction pat-
tern with several dips(see Fig. 5) in contrast with the three-
gluon exchange model which predicts a smooth behaviour.
Measurements at the LHC will be able to clarify thisissue.

Recently specia attention has been devoted to thefield of
hard diffractive scattering whichisof great interest because
it reved s the Pomeron structure of the proton. Thefirst ex-
periment on this subject was UA8 at the SPS collider [12]
which studied the production of jets in association with a
diffractively scattered antiproton. Further extensive studies
on this new and promising field are now being planned at
the Tevatron by the CDF [13] and D@ [14] collaborations.

A more complete review of high-energy diffractive pro-
cesses can be found in ref.[15].

2 NEAR BEAM TECHNIQUES
2.1 The Roman pots

The measurement of elastic scattering and diffraction disso-
ciation at the hadron collidersrequires observation of parti-
cles a very small angles (at the Tevatron typical anglesare
afraction of amrad). In practice thisis achieved by plac-
ing the detectors into specia units mounted on the vacuum
chamber of the accelerator, which have become known as
“Roman pots’ and werefirst used at the CERN ISR [16].
In its retracted position the Roman pot leaves the full
aperture of the vacuum chamber free for the beam, as re-
quired at the injection stage when the beam iswide. Once
thefinal energy isreached and thecirculating beams are sta-
ble, the Roman pot is moved toward the machine axis by
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Figure 5: Proton-proton elastic scattering data are shown together with
the predictions of the model of ref.[11].

compressing the bellow, until theinner edge of the detector
isat adistanceof theorder of one millimeter from thebeam.
There is no interference with the machine vacuum.

InFig. 6 apictureisshown of thefirst Roman pot used in
the small angle elastic scattering experiment of the CERN-
Rome group [16] at the CERN ISR in 1970-72. The pot
was about 15 cmwide. Thedetectorsinsidethe Roman pots
were small hodoscopes of scintillation counters.

In Fig. 7 a Roman pot designed and built at CERN but
similar to those recently used in the Fermilab experiments
isshown. The pot itself isabout 6 cm wide witha 0.1 mm
thick window whichis3cmx 2cminsize.

The detectors placed inside the Roman pots are so small
that usualy thereisno problemto attain the best spatial res-
olution offered by available technologies.

Thereis, however, aspecific technical problem - the need
for having the detector efficient very near to the physica
edge of the detector itself. In fact the detector has to be
“frameless’ on oneside ( thesidewhichistouchingthebot-
tom window of the Roman pot, i.e. facing the beam). This
isaspecia and redly peculiar requirement of near beam ex-
periments.

The overall mechanica structure of the Roman pot sys-
tem used at the SPS collider by experiment UA4 is shown
in Fig. 8 while a sketch of the detector is shown in Fig. 9.
The drift chamber has a special C-shape frame with a thin
window on the beam side. This alows reducing the mini-
mum accessible scattering angle. In Fig. 9 the sense wires
run horizontally and measurethevertical coordinatewhilea

J

Figure 6: Thefirst Roman pot used at the ISR by the CERN-Rome col-
laboration. The nameof the deviceoriginatesfrom its peculiar shape. The
flange which is connected to the machine vacuum chamber by abellow is
visible below the pot.

bundle of vertical scintillatingfibers measure the horizontal
coordinate.

In the recent experiments by the ZEUS collaboration at
HERA and CDF at Fermilab, silicon detectors have been
used. The detector of CDF, shown in Fig. 10, has a small
drift chamber with four sense wires which induce a signal
on adelay linefor measuring the other coordinate. |n addi-
tion thereisa silicon detector with pad and strips read-out.

A new concept was recently proposed by the Fermilab
collaboration E710/E811 [17]. The ideaisto use a bundle
of scintillating fibers oriented a ong the beam direction and
placed insidethe vacuum chamber of the machine (Fig. 11).
Particles scattered at small angles travel aong a fiber thus
producing alarge signal. The read-out isby image intensi-
fiers.

2.2 Theexperimental layout

The measurement of dastic scattering is simple in princi-
ple. Both scattered particlesare detected in coincidenceand
theelastic eventsare then sel ected by requiring collinearity.
A sketch of thefirst el astic scattering experiment using Ro-
man pots [16] is shown in Fig. 12. In this experiment the
Roman pots (already shown in Fig. 6) were placed at about
10 m from the crossing point.

In the recent hadron colliders which have higher energy,
thetypical scattering angleissmaller (infact it scales down
astheinverseof thec.m.s. energy) and thereforethe Roman
pots have to be placed a a much larger distance from the
crossing. This means that machine elements (quadrupoles
and in some case also dipoles) are usualy present between
the crossing and the detectors.

The typica layout for elastic scattering is shown in



Figure 7: A modern Roman pot built at CERN. The section facing the
beamisconcavein shape. Thisallowsa closer approach of the edge of the
detector to the beam.

Fig. 13. On each side there is a telescope of two Roman
pots placed a few meters apart and therefore able to mea-
sure both the position and the direction of the scattered par-
ticles. Between the detectors and the crossing point there
are magnetic el ements of the machine.

The opticsof theinsertionisof great importance for near
beam measurements. In fact hadron colliders are usualy
operated at high luminosity for the search of rare events.
To obtain high luminosity, the transverse size of the beam
at the crossing point is reduced by the focusing action of
guadrupoles. As a consequence the angular divergence of
the beams is correspondingly increased so that alarge frac-
tion of the particles scattered at |ow momentum transfer re-
main inside the aperture of the machine itself and are not
accessible to detection.

To measure elastic scattering and diffraction dissociation
at smal momentum transfer, the opposite scheme is actu-
aly required. The beam size at the crossing point is made
relatively large while the beam divergence becomes very
small. Nearly paralel beams are normally used. Thisim-
pliesthat the betatron function at the crossing point has to
belarge. Thecorrespondinglossof luminosityisnot aprob-
lem because diffractive processes have large cross sections
at small momentum transfer.

Therelevant parameters of theinsertion are the val ues of
the betatron function 8* and 3, at the crossing point and at
the detector respectively. The phase advance of the beta-
tron oscillations from the crossing to the detector is Ay =
J ds/B(s).

The best configuration for elastic scattering [18], corre-
sponds to the optics with parallée-to-point focusing from
the crossing to the detectors. Thisisachieved when the de-
tectorsare placed at the positionwherethe phase advanceis
Ay = 7 /2. Inthiscase thedisplacement y a thedetector is
proportiond to the scattering angle ¥ and does not depend
on the actual position of the collision point :

Lepp = /B*Ba

y=Lesp v

10

120 tm

Fi gure 8: The Roman pot system of UA4 at the SPS collider.

wherethe quantity L.y represents the effective distance of
the detectorsfrom the crossing point. Thisarrangement has
thevery convenient property that measuring the particle po-
sition at the detectors allows the scattering angle to be re-
constructed in away which isunambiguousand straightfor-
ward.

The method is basically the same as the classical tech-
nigque of measuring the direction of light rays by means of
an optica system having a screen on the foca plane.

Thisscheme was used at the SPS collider [19] to measure
the parameter p. Recently it was proposed for the proton-
proton scattering experiment in preparation at RHIC [20]
and by the TOTEM collaboration at LHC [18].

For the study of diffraction dissociation, one hasto detect
the particle which is scattered quasi-elastically and mea
sureitsmomentum. One takes advantage from the fact that
the sequence of magnetic elements of the machine down-
stream of the crossing point may actually be used as a pow-
erful magnetic spectrometer to select protons (or antipro-
tons) with momentum close to the beam momentum.

At the SPS collider the quadrupoles located in the long
straight section of the machine were used by UA4 [8] to
mesasure the momentum of the outgoing particle with amo-
mentum resolution of 0.6 %.

A more powerful system used by CDF [6] is shown in
Fig. 14. Detectors are placed in front and behind a string
of machine dipoles. The result is avery effective forward
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Figure 10: Sketch of the CDF detector. A small size drift chamber is
used together with a silicon detector.

magnetic spectrometer with momentum resol ution of about
0.1 %. A typica momentum distribution obtained with this
apparatus was shownin Fig. 3.

A similar system with severa Roman pot stations in-
serted between elements of the machine has been proposed
by the FELIX collaboration [21] at LHC.

2.3 Background and collimation

In the near beam experiments it is generaly required to
move the Roman pots as close as possibleto the beam. The
reduction and control of the beam halo is therefore of cru-
cia importance.

As expected, the minimum distance of approach ¥,,,in
was found, in various experiments, to be proportional to the
size of the beam at the position of the pot itself. Ther.m.s.
value of the beam size oy, iSrelated to theloca value of
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Figure 11: The new detector proposed by the E710/E811 collaboration.
A bundleof scintillating fibers parallel to the beam direction is placed in-
side the vacuum chamber.

the betatron function 3, :

Ymin = KOpeam s Obeam = €Ba

where e isthe beam emittance.

The parameter K may be controlled by the system of
scrapers and collimators of the machine which are adjusted
to protect the detectors from being hit by the particlesof the
beam halo. At the SPS collider thevalueof K was normally
found to be between 15 and 20, depending on the beam con-
ditions. Smaller values, around 10 or 12, have been reached
at the Tevatron.

At the LHC the background due to the high beam-beam
interaction rate is a cause of concern for the forward detec-
tors of large solid angle experiments but it is not relevant
for the detectors inside the Roman pots because they stay
far away from the crossing point where theradiation flux is
not large aready with low- optics and is further reduced
for medium or high- operation.

The loss of particles around the ring may have serious
consequences at the LHC because a too high radiation flux
could cause quenching of the superconducting magnets of
the machine. This problem has prompted a detailed study
of the background which has led to the design of a sophis-
ticated system with two-stage collimation [22, 23].

The secondary collimator will catch particles which are
not removed but only scattered on the edge of the primary
collimator. The primary and secondary collimators will be
set at a distance from the beam axis equa to 6 opeq.n, and
7 opeam respectively. Inthese conditionsthe maximum ex-
cursion of thehalo should not exceed 10 0., and the me-
chanica aperture around the LHC ring was designed ac-
cordingly.
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Figure 12: Thefirst Roman pot experiment at the CERN |SR.

It is clear that near beam experiments at LHC will take
advantage from the system of beam cleaning which will be
implemented to prevent quenching. We may expect that
Roman potsinstalled a the LHC could approach the beam
to adistance somewhat lessthan 10 opeqim -
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Abstract

Hadron production in single and central diffraction disso-
ciation is studied in a model which includes soft hadron
interaction as controlled by a supercritical pomeron
parametrization and hard diffraction. Hard diffraction
is described using leading-order QCD matrix eements
together with the parton distributions for the proton, the
less well known photon parton densities and a conjectured
parton distribution function for the pomeron. Within this
model, particle production in collisions with pomerons
exhibit properties like multiple soft interactions and
multiple minijets, quite similar to hadron production
in non-diffractive hadronic collisions at high energies.
However, important differences occur in transverse mo-
mentum jet and hadron distributions. It is shown that the
model is able to describe data on single diffractive hadron
production from the CERN-SPS collider and from the
HERA lepton-proton collider aswell asfirst dataon central
diffraction dissociation. We present also model predictions
for single and central diffraction at TEVATRON.

1 INTRODUCTION

High-energy hadron production in hadron—-hadron colli-
sions and in hadronic interactions of photonsis character-
ized by two mechanisms: (i) minijet production and (ii)
soft hadronic interactions. Whereas the minijet cross sec-
tion can be estimated applying the QCD-improved parton
model, soft hadron production cannot be computed directly
from perturbative QCD. Most model sfor multiparticlepro-
duction being constructed in form of Monte Carlo event
generators use soft and hard mechanisms. Such models are
usually called minijet modelsif they useminijetsand asim-
ple model for the soft component of the interaction. They
are called two component Dual Parton models (DPM’s) if
they use minijetsand incorporate a evol ved soft component
which isderived from Regge theory, Gribov’sreggeon cal-
culus[1, 2] and Abramowski-Gribov-Kancheli (AGK) cut-
ting rules[3] (areview isgivenin Ref.[4]).

Models inspired by Regge theory or the DPM describe
high-mass diffractive hadron productionin terms of the so-
caled triple-pomeron graph. According to this diffractive

le-mail: eng@lepton.bartol.uddl.edu
2e-mail: Johannes.Ranft@cern.ch
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processes can be considered as collisions of a color neu-
tral object, the pomeron, with hadrons, photons or other
pomerons. Experimental data on diffraction support this
idea showing that diffraction dissociation exhibits similar
features as non-diffractive hadron production whereas the
mass of the diffractively produced system corresponds to
the collision energy in non-diffractive interactions [5, 6].
Clearly, the pomeron cannot be considered as an ordinary
hadron. It isimportant to keep in mind that the pomeron
isonly atheoretical object providing an effective descrip-
tion of theimportant degrees of freedom of acertain sum of
Feynman diagrams. Pomeron-hadron or pomeron-pomeron
interactions can only be discussed in the framework of col-
lisions of other particles like hadrons or photons. On the
other hand, the striking similarities between diffractiveand
non-diffractive multiparticle production suggest that multi-
ple soft and hard interactions may also play an important
role in high-mass diffraction dissociation.

The DPM was aready successfully applied to diffrac-
tive hadron production reactions [7, 8, 9] and even hard
diffractive processes [10]. In [11] cross sections on sin-
gle and central diffraction were calculated. Up to now, the
minijet component in diffractive processes within the two-
component DPM was obtained using a parton distribution
function (PDF) for the pomeron and flux factorization. The
soft component of diffractive interactions was described
by two hadronic chains (cutting the triple-pomeron graph).
Here we will argue, that for the description of diffraction
dissociation producing hadronic systems with very large
masses, such models are not enough. Also for high-mass
diffractive hadron production we need multiple soft and
multiple hard interactions.

2 THE MODEL

2.1 Theevent generator PHOJET

In the PHOJET model[12, 13], interactions of hadrons are
described within the DPM in terms of reggeon (/R) and
pomeron (IP) exchanges. The redlization of the DPM with
ahard and a soft component is similar to the event genera
tor DTUJET [14, 15] for p—p and p—p collisions. In the fol-
lowing we briefly describe the trestment of the pomeron ex-
changein non-diffractiveinteractionssincethe sameframe-
work is also used for the description of particle production
in diffraction dissociation.

The pomeron exchangeisartificially subdividedinto soft
processes and processes with at least one large momen-
tum transfer (hard processes). This allows us to use the
predictive power of the QCD-improved Parton Mode with
lowest-order QCD matrix elements[16, 17] and parton den-
sity functions. Practically, soft and hard processes are dis-
tingui shed by applyingatransverse momentum cutoff pStoff
to the partons. Consequently, the pomeron is considered as
a two-component object with the Born graph cross section
for pomeron exchange given by the sum of hard and soft
Cross sections.



2.2 Diffractive cross section calculation

Concerning diffraction dissociation, our approachisthefol-
lowing.

In order to get an effective parametrization of Born
graphs describing diffraction within Gribov’s reggeon cal-
culus, we cdculate the triple-, loop- and double-pomeron
graphs using a renormalized pomeron intercept o = 1 +
A = 1.08. For example, let’sconsider thethe Born graph
cross sections for high-mass diffraction dissociation in A—
B scattering (for simplicity, we omit in the following ex-
pressions the pomeron signaturefactors; for adiscussion of
the couplings etc. see [11]).

High-mass single diffraction dissociation of particle A is
calculated using the triple-pomeron approximation

ot _ L(O )2 0 0 s B
dth]% = Ton 9Br) Y9spr 9ap 5o

ap(0)
s
X (M—%> exp {bi% t} . D

The differential cross sections for the high-mass double
diffraction dissociation reads
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Finally, we givethe expression for central diffraction disso-
ciation
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The experimentally observable diffractive cross sections
(i.e. cross sections of rapidity gap events) are considerably
smaller than the Born graph cross section given in (1), (2)
and (3). Thereason for this are significant shadowing con-
tributions which are estimated by a two-channd eikonal
model [14, 13].

2.3 Particle productionin diffraction dissociation

However, not only for cross section calculations, but aso
for the description of particle production, shadowing ef-
fectsareimportant. Unitarity and AGK cuttingrulespredict
that shadowing effects are directly connected with so-called
multipleinteraction contributions. Inthe case of diffractive
multiparticle production we have to consider rescattering
effects in pomeron-hadron and pomeron-pomeron interac-
tionsof enhanced graphs. Whereasit was sufficient tointro-
duce a renormalized pomeron tragjectory to calculate cross

sections, one needsfor the cal culation of particleproduction
a mode for the physical final states which correspond to
the unitarity cut of such arenormalized pomeron propaga-
tor. Following Refs. [18, 19] we assume that the pomeron-
pomeron coupling can be described by the formation of an
intermediate hadronic system h* where the pomerons cou-
ple to. Assuming that this intermediate hadronic system
has propertiessimilar to a pion, the n-m pomeron coupling
reads [19]

n+m—2

gn—m,:G H gh* P (4)
=1

with gp- p = g.p being the pomeron-pion coupling. G is
ascheme-dependent constant. Hence, pomeron-hadron and
pomeron-pomeron scattering should exhibit features simi-
lar to pion-hadron and pion-pion scattering.

To introduce hard interactions in diffraction dissocia-
tion, the exchanged (renormalized) pomeronsin pomeron—
hadron and pomeron—pomeron scattering are again treated
as two-component objects

aap(s, B) ~ % G {1—exp [_Xgiff _ X%ig]} )

with the diffractive eilkonal functions

i 9apgh- p(Mp/50)>T
S 87Tb]p(M12))
B2
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In all calculationsthe pomeron PDFs proposed by Capella,
Kaidaov, Merino, and Tran (CKMT) [20, 21] with a hard
gluon component are used.

2.4 Toy model with direct pomeron coupling

To estimate the sensibility of the model results to non-
factorizing coherent pomeron contributionsas proposed in
[32, 33], we use optionally also atoy model with a direct
pomeron-quark coupling [34]. In this case, the pomeron
is treated similar to a photon having a flavor independent
quark coupling \. For definiteness, the corresponding ma
trix elements are given

2 812 4 §2
|Mpg— g9l = Aas [_§ 3 (8)
02 + 12
|ZWJP9—> q<7|2 = Aas [ P ] 9)
.o 72
2 u“ 4+t
|M§37_> qq| = )\ozemeg [6 = ] (20)
02 + 12
\Mpp_. o> = A [6 — ] (12)

Here, o (cer) denotes the strong (el ectromagnetic) cou-
plingand 3,  and @ are the Mandel stam vari abl es of the par-
tonic scattering process.
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Figure1: Singleand double diffractivepp cross sections as
afunction of the center of mass energy /s caculated with
the model. We compare to data on single diffractive cross
sections [22, 23, 24, 25, 26, 27, 28, 29, 30]. In addition,
some experimenta estimatesfor the cross section on double
diffraction dissociation [26, 27] are shown.

3 COMPARISON WITH DATA

3.1 Diffractivecross sections

First we compare single diffractive cross sections accord-
ing to our model in p—p collisions to data and we present
the results of the model for single and double diffractive
cross sections in v—p collisions and for central diffraction
cross sections in p—p collisions. Studying diffractive cross
sections is not the primary concern of this paper. Results
on diffractive cross sections were aready presented using
the DTUJET model in Refs. [14, 15] and using the present
PHOJET model inRefs. [12, 11], weinclude updated results
for these cross sections here to make the present paper self-
contained.

In Fig. 1 dataon single diffractive cross sections[22, 23,
24, 25, 26, 27, 28, 29, 30] are compared with our model re-
sults. Itisto benoted that thedataon singlediffractivecross
sections at collider energies are subject to large uncertain-
ties. Neverthelesstherise of the cross section from ISR en-
ergies to the energies of the CERN and FERMILAB collid-
ersisless steep than expected from the Born level expres-
sion from the triple pomeron formula (1). It is the eikonal
unitarization procedure in the model, which suppresses the
strong rise of the triple pomeron cross section in the full
model. The same effect was also found by Capella et al.
[35] and Gotsman et al. [36].

In Fig. 2 we compare as function of the energy the cen-
tral diffraction cross sections in proton-proton collisions,
which we obtain from PHOJET with the cross section ob-
tained by Streng [31]. In PHOJET we use a supercritical
pomeron with A z = 0.08 whereas Streng [31] uses a crit-
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Figure 2: The energy dependence of the central diffrac-
tion cross section. We compare the cross section as ob-
tained from PHOJET with unitarization using a supercrit-
ica pomeron with the cross section obtained by Streng
[31] without unitarization and with a critical pomeron.
Both cross sections are for the same two kinematic cuts:
Mcp >2GeV/c? and ¢ = 0.95 and 0.97. The cross sections
decrease withrising c.

ical Pomeron with Ap = 0. Note that also the double-
pomeron cross section grows in Born approximation with
s like ~ s*2AP. Thisrapid increase is damped in PHOJET
by the unitarization procedure. At high energies, contribu-
tions from multipleinteractions become important. Thera
pidity gapsarefilled with hadrons dueto inel astic rescatter-
ing and the cross section for central diffraction getsstrongly
reduced. In contrast, Streng calculates only the Born term
cross section. Figure 2 illustrates the differences obtained
using different theoretical methods. We stress, both meth-
ods usethe measured singlediffractive cross sectionsto ex-
tract the triple-pomeron coupling.

3.2 Snglediffractionin hadron-hadron collisions at col-
lider energies

There are the following experiments which have studied
hadron production in single diffraction in pp collisions at
the CERN-SPS—Collider:

1. The UA—4 Collaboration[39, 6, 40] measured pseudo-
rapidity distributionsof charged hadron productionfor
different masses of thediffractive system. We havea -
ready twice compared earlier versionsof the Dual Par-
ton Model[8, 9] to thisdata. New in the present model
ishard diffraction and multiplechainsin thediffractive
hadron production, therefore we have again compared
to this data and we find a very good agreement. It is
evident from the data as well as from the model that
multiple interactions and minijets lead to arising ra-
pidity plateau in pomeron—proton collisionsin asimi-
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Figure3: Differential e — p crosssection do /dnjer (2%, <
1.8) for inclusivejet production with E* > 8 GeV in the
kinematic region Q% < 4GeV2 and 0.2 < y < 0.85. We
compare datafromtheZEUS Collaboration[37] with PHO-
JET resultsusing thesametrigger asused for the ZEUS data.

lar way as observed in hadron—hadroncollisions. (Un-
fortunately, there is not enough space here to show the
Figs. of this comparison.)

Hard diffractive proton—antiproton interactions were
investigated by the UA-8 Collaboration [41]. In
this experiment the existence of a hard component of
diffraction was demonstrated for the first time. Be-
cause of the importance of these findings, we com-
pared them already in arecent paper [10] to our model
and found the model to be consistent with this exper-
iment. Therefore we will not repeat this comparison
here.

3.3 Singlediffractionin photoproduction

Results on single photon diffraction dissociation and in par-
ticular hard singlediffraction were presented by both exper-
iments at the HERA electron—proton collider [42, 43, 44,
37, 45, 46).

The ZEUS Collaboration[37] has presented differential
and integrated j et pseudorapidity cross sectionsfor jetswith
E¥* > 8 GeV. The absolute normalization of these datais
given. Thisalowsoneamoreseverecheck of themodd. In
Figs. 3 we compare the differential jet pseudorapidity cross
sections from ZEUS [37] to the moddl. The Monte Carlo
events from PHOJET have been treated with the same cuts
and trigger asused for thedata. We find areasonable agree-
ment. We should, however, point out that the data include
contributions from non-diffractive processes while the re-
sults from the model concern only diffractive events.

3.4 Central diffraction dissociation

Dataon hard central diffraction in proton—antiproton colli-
sionsat 0.63 TeV have been published by Joyce et a. [38].
These data were obtained with the UA-1 detector at the
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Figure4: The pseudorapidity distributionin central diffrac-
tion as observed by the UA—1 Collaboration [38] compared
with the corresponding distributionin PHOJET without di-
rect pomeron couplingwith the UA-1 trigger applied to the
Monte Carlo events (p), with adirect pomeron coupling (d)
and without multipleinteractions (s).

CERN-SPS collider. The data are not easy to understand
since they have been obtained with triggers demanding a
pair of jetswith E, > 3 GeV or localized electromagnetic
energy depositionslarger than 1.2 GeV. Thistrigger accepts
across section of 0.3 ub whilewe find in our model at this
energy atotal central diffraction cross section of approxi-
mately 0.3 mb (see Fig. 2). Thus the trigger of Joyce et
al.[38] accepts only atiny fraction of al centra diffraction
events. Themost remarkablefeatures of thedataarethefol-
lowing:

The pseudorapidity distribution of the events accepted by
the trigger reaches a maximum central plateau of around
5 per pseudorapidity unit, 30 percent higher than the non-
diffractive minimum bias eventsat thefull p—p collisionen-
ergy.

We try to understand these data [38] in three versions
of themodel. (i) The full model without a direct pomeron
coupling, (ii) the full model with a direct pomeron quark
coupling, (iii) the model without multiple interactions and
without a direct pomeron coupling. We use for the Monte
Carlo eventsthe same trigger requirements as described in
[38].

In Fig. 4 the charged particle n distribution of the three
versions of the model are compared to the data. Only the
full model gives a pseudorapidity maximum comparableto
thedata. Thisis easy to understand, only in the full model
we have enough multiple soft chains and multiple minijets
to obtain such a large particle density. In the model with
direct coupling we trigger to events with one pair of direct
j€ets, thisdoes not give enough particledensity. Similarly in



the model without multipleinteractionswejust get one pair
of soft chains together with a minijet, also in this configu-
ration the particle density islower than in the full model.
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Figure 5. Jet transverse energy distributions in non-
diffractive p—p and ~+—y collisons compared with the
jet transverse energy distribution in central diffraction
(pomeron—pomeron collisions). For the latter channel we
give the distributions separately for the full modd, the
model without multipleinteractions (s) and the model with
adirect pomeron coupling (d). The distributionswere gen-
erated with PHOJET, the c.m. energy / diffractive mass is
100 GeV indl cases.

4 COMPARING HADRON PRODUCTION IN
DIFFRACTIVE PROCESSESTO
NON-DIFFRACTIVE PARTICLE PRODUCTION
IN P—P AND ~— REACTIONS

In Sections |1 we have aready pointed out, that our model
for particle production in pomeron—hadron/photon colli-
sions and pomeron—pomeron collisions has the same struc-
ture characterized by multiple soft collisions and multi-
ple minijets like models for hadron production in hadron—
hadron collisions. Therefore, again we expect themain dif-
ferences in comparisonto other channelsinthehard compo-
nent dueto the differences between the pomeron and hadron
structure functionsand dueto the existence or nonexistence
of adirect pomeron—quark coupling. Wewill usein &l com-
parisons here three modelsfor IP—p, IP—y and IP—IP colli-
sions:

(i) our model with multiple soft and hard collisions,

(ii) in order to seetheinfluence of the multiplesoft and hard
collisions a model with only one soft or hard collision al-
lowed and

(iii) thefull model (i) assuming in additiontheexistenceof a
direct pomeron—quark coupling according to thetoy—model
. We present this despite the fact that we did not find in the
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Figure6: Jet pseudorapidity distributionsin non-diffractive
p—p and v—y collisions compared with the jet pseudorapid-
ity distributionin singlediffraction (pomeron—p scattering).
Thedistributionsweregenerated with PHOJET , thec.m. en-
ergy is100 GeV in all cases, but the pseudorapiditiesin the
collisionswith pomeronsgivenrefer tothe /s =2 TeV p—p
collisions used to generate the diffractive events.

presently existing data any feature which could only be de-
scribed with such a coupling.

The differences in the parton structure functions of pro-
tons, photons and pomerons lead to quite different energy
dependences of the hard cross sections. In al processes
where pomerons are involved, single diffraction and cen-
tral diffraction, hard processes become important already
at lower energies. For pomeron—pomeron scattering at low
energy the hard cross section is about a factor 100 big-
ger than in p—p collisions. At high energies the oppo-
site happens, the hard cross sectionsin all processes where
pomerons are involved rise less steegp with the energy than
in pure hadronic or photonic processes. The reason for this
is the different low-z behavior of the parametrization of
the structure functions used. However, nothing is known
at present from experiment about the low-2 behavior of the
pomeron structure function.

In Fig. 5 we compare jet transverse energy distributions
in p—p and v—y collisionswith the onesin /P—IP collisions.
In the channels with pomerons we present again the distri-
butionsaccording to our full model, according to the model
without multiple interactions and the model with a direct
pomeron—quark coupling. In al non-diffractive collisions
we have /s = 100 GeV and the diffractive events are gen-
erated in /s = 2 TeV collisonswith Mp = 100 GeV.
Thedifferencesinthejet transverse energy distributionsbe-
tween the channels are as to be expected more important
than in the hadron p, distributions. We observe an im-
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Figure 7: Average charged multiplicity as function of the
c.m. energy in singlediffractivecollisions(pomeron—y col-
lisions) accordingto PHOJET (points) iscompared to theav-
erage charged multiplicitiesin non singlediffractive pp, yp
and y~ collisions, aso according to PHOJET (lines) and ex-
perimental datain pp collisions.

portant reduction in the jet distributionsin the model with-
out multipleinteractions. The effect of the direct pomeron
coupling is as dramatic as the effect due to the direct pho-
ton coupling. The E, digtributionsin the IP—y and IP—IP
channels extend up to the kinematic boundary. In the latter
two cases asinthe case of v—y collisionstheentriesat large
E, come only from direct processes.

In Fig. 6 we compare jet pseudorapidity distributionsin
p—p, 7—y and IP—p, again, al collisionsat /s = 100 GeV
with the diffractive events generated in /s = 2 TeV colli-
sions. For the jets we observe substantial differencesinthe
shape of the pseudorapidity distributions.

In Figs. 7 we compare the average charged multiplicity
in non-diffractive p—p, v—y and v—p collisionsaccording to
the mode! as function of /s with the charged multiplicity
in the pomeron—y diffractive channe as function of thein-
variant mass of the diffractive system. In the same plots
we compare aso to data in the case of p—p collisions. We
find at collision energies below say 500 GeV only small
differences between the channels. However, a energies
above 1 TeV the model with only one pomeron exchange
(one-pomeron cut) in diffraction dissociation (labeled with
s) predicts a smaller average multiplicity than observed in
hadron-hadron or photon-hadron scattering.

5 SINGLE DIFFRACTION AND CENTRAL
DIFFRACTION AT TEVATRON

In Figs. 8 to 15 we present some cross sections cal cul ated
using PHOJET at TEVATRON energy. Thedistributionsare
mass distributionsin single and central diffraction Fig. 8,
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jet pseudorapidity distributionsin singleand central diffrac-
tion as well as in non-diffractive p—p collisions (ND) using
E, thresholdsof 5and 15GeV Fig.9to 11, Jet £, distribu-
tions Fig.12 to 14 and the charged multiplicity as function
of the diffractive mass Fig.15. In some of the distributions
we give besides the full PHOJET model also the plotsfor a
model withasmall direct pomeron coupling and for amodel
with only single soft or hard chains pairs.

Resultson diffractivejet productionfromthetwo TEVA-
TRON Caollaborationsare discussed in [47, 48, 49, 50, 51],
one of the results obtained by the DO Collaboration is the
ratio of double-pomeron exchange (DPE) (in the present
paper we use the term central diffraction (CD) instead of
DPE) to non—diffractive (ND) dijet events:

(

PHOJET givesthefollowing cross sections:
Non-diffractive (ND):o (N D) = 45.2 mb,
Singlediffractive (SD):0(SD) = 11.2 mb,

Centra diffraction (CD): ¢(C D) = 0.64 mb.

From these cross sections together with Figs. 9 to 14 we
get for thisand similar ratiosawaysfor £, larger than 15
GeV:

(CD)/(ND)~ 2 x 1079,

(SD)/(ND)~ 4 x 1073,

(CD)/(SD)~ 0.5 x 1073,

Despitethefact that no experimental acceptance hasbeen
considered for these PHOJET resultsit isinteresting to find
the (CD)/(ND) ratio so close to the DO va ue given above.

o(DPE)

~ 1076
o(ND)

) 12)
B >15GeV

01 T El
PHOJET Pom p —@— |

T
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o ¢
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dN.
dM
(c? GevTh)

0.001

0.0001 : . : :
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Figure 8: Distribution of the diffractive mass in sin-
gle diffraction (Pomeron—proton) and central diffraction
(Pomeron—Pomeron) at TEVATRON with /s = 1.8 TeV.

6 CONCLUSIONSAND SUMMARY

Multiple soft and multiple hard interactions (minijets)
which we have aso introduced in diffractive hadron pro-
duction lead to arise of therapidity plateau, which agreesin
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Figure9: Pseudorapidity distributionof jetswith | larger
than 5 GeV and 15 GeV in (one side) single diffraction
(Pom—p) at TEVATRON. The upper curves with the same
plotting symbol are generaly for £, =5 GeV, the lower
curvesarefor £/, = 15 GeV. We plot aso the distributions
(d) using asmall direct Pomeron coupling (A = 0.05) and
(s) inamodel where only single soft or hard chains are per-
mitted.

hadron-hadron and photon-hadron collisionsvery well with
therise of the plateau observed experimentally.

Minimum bias hadron production in hadron-hadron, and
photon-photon collisions as well as in pomeron-hadron,
pomeron—photon and pomeron—pomeron collisions of the
same c.m. energy is remarkably similar. To see this, one
has to restrict the comparison to inelastic events and to ex-
cludealso thediffractively produced vector mesonsin reac-
tionsinvolving photons. The only striking differences ap-
pear in the transverse momentum distribution or distribu-
tionswhere thetransverse momentum behavior isessential .
This difference can be understood to be due to the direct
photon interaction contribution and due to the photon and
pomeron structurefunctionsbeing considerably harder than
hadronic structure functions.

Finally wewould liketo emphasize that measurements at
TEVATRON on CD and SD would alow oneto study many
of theopen questions: Isit possibleat all to describediffrac-
tion and hard diffraction using the triple pomeron graph?
Can QCD factorization be applied to the description of hard
diffraction? Does a direct pomeron—quark coupling exist?
Do we have multiplesoft and hard chainsin diffractive par-
ticle production?
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HERA-B and itsVertex detection
System

C. Hast?
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85,
D-22603 Hamburg, Germany

Abstract

HERA — B isan experiment designed primarily to study CP
violation in decays of B mesons into the "gold plated” de-
cay mode B® — J/p K2 . The B mesons are produced in
interactions of 820 GeV protonsin the HERA proton beam
with an Internal Wire Target inthe beam halo. The physics
goal and detector requirements are shortly described. Main
focusisontheinterplay between the Vertex Detection Sys-
tem and the HERA Proton machine. Some resultsfrom the
1996 and new results of the 1997 test measurementsare pre-
sented. The conception of the Internal Wire Target and re-
sultsof thetarget testsare described somewhere elseinthis
issue.

1 INTRODUCTION

One of the outstanding problems in High Energy Physics
isthe origin of CP violation, a phenomenon discovered 30
years ago in decays of neutra Kaons. A decisive test of
the implementation of CP violation in the standard model
of eectroweak interactions requires the discovery and ac-
curate measurement of CP violation phenomenain systems
heavier than Kaons. The most promising laboratory for CP
violation studies are decays of neutra B mesons, where
CP violating effects are expected to be large. However,
the decay channels which can exhibit CP asymmetries are
extremely rare, typically suppressed by four to five orders
of magnitude. Experimental cuts to select clean signatures
and toidentify the B flavors reduce the useful rates further.
An experiment will therefore require the production of very
large numbers of B mesons, i.e. a machine acting as a B
factory.

One possibility to produce large numbers of B mesons
is offered by hadronic interactions at high energies. In this
case, cross sections and therefore the rate of B events are
much higher compared to e e~ machines; the events con-
tain, however, alarge number of particlesbesidesthe decay
productsof B mesons and the background of eventswith no
B mesons produced is severe. This shiftsthe experimental
challengeto the construction of adequate detectorsand trig-
ger systems. With increasing CM energy, the B cross sec-
tionin hadronic interactionsrises relative to the fraction of
non- B background, so large center of mass energies are of
advantage.

In reference [1] the feasibility of using the existing
HERA protonring for a B experiment was discussed for the
firsttime. Inafixedtarget environment, the820 GeV proton

INow at University of California San Diego, Department of Physics,
Mail Stop 0319, 9500 Gilman Drive, La Jolla, CA 92093, e-mail:
Carsten.Hast@SLAC.Stanford.edu

The Physics Case: B® — J/¢ Kgl

Signal B

820 GeV

B*** tag (P = 0.19)

Tagging B

vertex charge tag (P = 0.16)

Figure 1: Decay chain of the B — J/i K2 decay. The
mean flight pathsof theB and the K'3 meson are 10mm and
1.1 m, respectively. Mean Energies are givenin GeV. The
tagging powers of thelepton, Kaon, vertex charge, and B**
tags are given as well.

beam energy leadsto acenter of mass energy /s = 40 GeV,
an energy not too far above the B threshold. At thisrda
tively low energy the background of normal inelastic inter-
actionsdominates B production by six ordersof magnitude.
A CP experiment therefore requires extreme event ratesin
theorder of 30to 50 MHz duringarunning period of several
years. Sincethemaximal bunch crossing (BX) frequency of
the HERA proton ring amounts to 10 MHz, several events
must be produced simultaneously per BX.

The details of the HERA — B experiment and its physics
goals were discussed in the Proposal [2], which was sub-
mitted in May 1994. In January 1995, a Design Report [3]
was presented, which includes detailed technical solutions
and time schedules for dl the components of the experi-
ment. The approval was granted in February 1995. For the
time being, the collaboration comprises about 250 physi-
cists coming from 33 institutes of 13 different countries.

2 THEHERA -B DETECTOR

The proposed HERA — B detector has been optimized for
the detection of the "gold plated” decay mode B° —
Jp K2 being displayedin Figure 1. Figure 2 showsthisdi-
agram once more now i ndi cating the different detector com-
ponents and the trigger scheme required. The HERA - B
detector isahuge magnetic forward spectrometer with outer
dimensionsof 20-9-7 m? (seeFigure 3). The detector com-
ponents and their properties are summarized in Table 1.
The main design choices are:

e Solid angle coverage from 10 mrad polar angle to
about 200 mrad, corresponding to about 90 % solid-
angle coverage in the center of mass system.

e Use of asingle normal-conducting dipole magnet for
momentum analysis, with a field integral of 2.1 Tm.
Here the coils of the ARGUS Detector were reused.

e For adescription of the HERA — B Target see there-
port of K. Ehret elsewhere in this proceedings.



Detector Requirements |

Target
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Figure2: Detector componentsand trigger scheme required
to detect the BY — J/i K2 decay

e A silicon vertex detector system starting at 10mm ra-
dius from the beam with seven layers of double-sided
Silicon strip detectors. The inner radiusis limited by
the requirement that the system has to survive radia-
tion damage for at least one year before it can be ex-
changed. The silicon detectors will reconstruct the
Jfp — 11~ vertex, disentangles vertices of overlaid
events, and determines the impact parameters of tag-
ging particles. In the second level trigger stage back-
ground will be suppressed.

e A main tracking system, whose granularity and tech-
nology vary with distance from the beam in order to
limit the occupancy of each detector cell and yet min-
imize the number of channels. Below aradius of 6 cm
— required only for the first tracking stations — Sil-
icon strip detectors will be used, followed by micro-
strip gaseous detectors with Gas Electron Multiplier
foils(GEM) in the intermediate region out to about 20
cm, and by honeycomb drift cells of varying radius
and active length at larger distances from the beam.
Thetracking strategy isasfollows: Patternrecognition
is performed in the field free region outside the mag-
net. Tracks are extrapolated to the e ectro-magnetic
calorimeter and the muon system. Here large cham-
bers behind the RICH and in front of the calorimeter
enable efficient linking of charged tracks in the spec-
trometer with cal orimeter hitsand with track segments
inthe muon system. Additionally these chambers pro-
videfirst level trigger information.

Found tracks are swum through the magnet to the ver-
tex detector and are extrapolated to vertices originat-
ing from the target.

e The ring imaging Cerenkov counter as the only tech-
nology to identify atagging Kaon with its momentum
between afew GeV and about 50 GeV. Cy F g isused
asradiation gas. The Cerenkov angle of particleswith
0 = 1is55.6 mrad. The light is bundled with 140
spherical mirrorsand deflected to the photon detectors
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Figure 3: Vertica cut of the HERA — B detector.

by additional planar mirrors. The Hamamatsu multi-
channel photo-multiplier used to detect the Cerenkov
photonsare placed outside of theoverall acceptance of
200 mrad.

A (relatively) small transition radiation detector using
afiber radiator and straw detector cellsinthevery for-
ward region, in order to improve electron identifica-
tion in the congested small-angle region. The TRD is
part of the pretrigger to find el ectron/positron candi-
dates asfirst level trigger input. In the reconstruction
it increases the probability to find e ectron or positron

tags.

The electro-magnetic Pb/Scintillator and W/Scin-
tillator shashlic calorimeter fulfills the requirements
concerning energy resolution in a cost effective
fashion, and allows matched granularitieswith amin-
imal Moliére radius close to the beam. In the inner
section of 1.6 m * 0.9 m2mm thick tungsten plates
are used as absorber. The Moliére radiusis 1.3mm.
The innermost calorimeter modules are expected to
be exchanged after 1 year due to radiation damage.
As the TRD the calorimeter serves as pretrigger for
electron/positron candidates and the reconstruction of
tagging particles.

A conventional muon systemwithfour chamber layers
at different depthsin the absorber. Theinformation of



the last two layers is used as pretrigger to find muon
candidates. During the reconstruction the muon sys-
tem finds tagging muons.

The total number of channels sums up to over half a
million. 150000 out of these are used asfirst level trigger
inputs.

HERA — B has a multilevel trigger scheme (see Fig-
ure 2). Thefirst level trigger works with the HERA bunch
crossing rate of 10MHz as input rate. In total 150 GByte
of data have to be searched for lepton pairs per second. Al-
ready at thislevel amass cut around thenominal .J /v mass
isintroduced. The second level trigger includes SVD infor-
mation to resolve decay vertices. Here acut isintroduced
forcing B decay vertex candidates not to origin from one
of the target wires. The 2kHz second level trigger output
rateiseither transfered to athird level where amore refined
track analyses is performed or directly to alarge computer
farm for the online reconstruction of the events. In total
HERA — B aims to write 20 events per second to tape.

Detector Technology Channels| Hits
per BX

Vertex detector | Si-strip 136k | =~ 0.05

Tracker

inner (2-6cm) | Si-strip 40k ~ 0.02

inner (6-19cm) | micro-strip 135k | =~ 0.04

gas-chamber

outer (>19cm) | honeycombDC | 120k | ~0.15

High-pr trigger | gas pixel/straw 26k ~ 0.05

BY — ntn~

RICH C4F10 radiator 32k ~0.1

Kaon iden. PMT

TRD fiber radiator 15.7k ~ 0.1

Electroniden. | straw chamber

ECAL W/Pb scint. 5.8k ~ 0.2

Electroniden. | shashlic

Muon system gaspad + pixel | 313k | <0.01

Muon iden. prop. tubes

Total 550 k

Table 1: Main components of the HERA — B detector in-
cluding the number of readout channels and the average
number of hits per bunch crossing.

3 THEHERA -B SILICON VERTEX DETECTOR

The Silicon Vertex Detector (SVD) [4] is build by the
Max-Plank-Ingtitute fur Kernphysik in Heidelberg and the
Max-Plank-Institutefur Physik in Munich, both Germany.
The acceptance is 10 — 160mrad horizontally and 10
— 250mrad verticaly. This corresponds to 95% of the
solid angle in the center of mass system. The resolution
is planned to be 20 — 30 um transverse to the beam and
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500 zm aong the beam. Datafromthe SVD areused in the
second level trigger to find lepton pair vertices displaced
from the target wires. On the reconstruction level the SVD
establishes the J /v — [T1~ vertex and measures impact
parameters of the tagging particles.

The design challanges for the SVD can be described in
the following way:

e The complete Vertex Detection System, consi sting out
of tank, counters and targetsis an integral part of the
proton ring of HERA, since the proton beam centrally
traverses the tank.

— Duringinjection aclearenc of 199mminradiusis
needed which has to be reduced to 10 mm dur-
ing data taking. This leads to a radial movable
counter arrangement. Therefore the usage of a
solid beam tubeis excluded

Since the proton beam’s mirror currents have to
be guided through the tank a movable RF shield
has to be provided.

Inside the SVD the very high proton beam vac-
uum has to be mantained. Since thisis impos-
sible with inbuild silicon, carrier materials, a
Binary-1cecoolingsystem, etc. the countershave
to be wrapped. Here long thin Aluminum caps
have been choosen to reduce multiple scattering.
Sincethese caps are not stable under air preasure
these covers are connected to a seconadary vac-
uum system.

e withaHERA — B interaction rate of 40 MHz the par-
ticleflux of O(3 x 10! particles/cm?y) leadsto ase-
vere radiation damage in both Silicon wafers and read-
out chips.

e The HERA bunch crossing frequency of 10 MHz de-
mands a deadtimel ess readout and an online process-
ing of 8 GBytes of data per second.

e Generd pointsarelow mass support materia to reduce
multiple scattering.

In the following subsections these points are discussed in
more detail and technical solutionsare described.

3.1 The Secondary Vacuum System

Since the ultra high proton machine vacuum (p <
10~8 mbar) hasto be mantained inside of the VDS tank the
counters were wrapped with athin Aluminum shield. Fig-
ure 4 shows the schematic design of one Silicon station.
These Aluminum shields have alength of approximately
20cm for the stations nearest to the target and up to 50cm
in 2m distanceto the target. To reduce multiple scattering
these shields have to be as thin as possible. Two technical
solutions for the production have been found: Electro ero-
sion which turned out to be very time consuming and ex-
pensive, and galvanic deposition of Aluminum onto form
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Figure 4: Schematic side view of asilicon layer. Each sta-
tion consists of two layers of doublesided read out Silicon
wafers. The strip directionsof onelayer aretiltedin respect
to the other by + 2.5° allowing a spatial track reconstruc-
tion.

pieces to a thickness of 120 — 150 um. These long thin
caps are unabl e to stand one atmosphere of pressure. There-
fore a secondary vacuum system has to be applied. Here
the HERA vacuum group did a great job in designing and
building a safe system. Pumping down and venting theves-
sel isadeicate task since the pressure difference between
HERA vacuum and the secondary one hasto be maintained
at alevel better than 1 mbar. A sudden pressure changein
one of the systems would most probably end in a damage
of the wire bonds which are very close to the Aluminum
caps. Venting the vessel needs approximately four hours,
the pump down time before HERA can start with protonin-
jectionis48 hours. Up to now this system was operated re-
liably for two running periods.

3.2 TheRF Shied

A technical not finally solved problem it the RF shielding
between the proton beam and the Aluminum caps. In1996a
100 gm thin Aluminum tube with dlitsfor the Silicon mod-
ulesand many holesto reduce theamount of material which
was build in. Thistube worked perfect as an RF shield but
provided by far too much materia interms of multiplescat-
tering. During 1997 four 5pm thick steel bandsweretested,
again with very good results. Late in October 1997 the RF
shield was changed again to a configuration consisting out
of eight CuBe wires. Here severe technica problems oc-
curred dueto heating of thewires. With alength of roughly
two meters it takes only little heating to prolong the wires
enough to bend into the proton beam. Two wires broke and
operation of HERA was partly disabled. Here more engi-
neering work is needed, especialy since the radial move-
ment of the RF shield was not established up to now.

Mdfia cal culations performed by members of the HERA
crew and people from the VDS group, a RF test of a half
scale model of the vertex tank at the INFN at Naples, and
the operation at HERA have shown that al three solution,
tube, ribbons, and wires are principally working.

3.3 Radiation Damage

HERA — B foresees an exchange of al Silicon counters
once per year. But evento achievethislifetimespecia mea-
sures have to betaken. The Silicon counters are operated at
8° C to reduce leakage current, noise, and reverse anneal -
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ing. A specia guard ring structure alowsthe Silicon to be
biased up to more than 300 Volts.

To distributethe highest radiation damage which occures
only at thevery first millimeters closest to the proton beam,
the 5¢cm broad Silicon counters can be moved latera by
3cm relative to the beam to distribute the hot spot on a
larger area.

Instead of using explicit radiation hard electronics
the readout chips are connected through so called micro
adapters to the Silicon at regions where the radiation dose
is expected to be below 100 krad per year.

3.4 TheReadout Chain

The readout chain consists of the so called HELIX readout
chip, analog optical transmission lines from the detector to
the control room, front-end driver boards (FED) for digiti-
zation and event buffer boards.

The design bandwidth of the chain ischosen such that the
readout will be dead timeless for 100kHz event rate.

The silicon detector is read out after afirst level trigger
has been issued for a given HERA bunch crossing. In this
case the Fast Control System (FCS) sends a trigger signal,
a 7-bit bunch crossing number, and a 16-bit event number
to the front-end driver boards. The FEDs send the trigger
with the correct latency to the readout chips.

The readout chips contain a pipeline for the analog de-
tector signalsand upon receiving atrigger mark the correct
pipeline column will be read out: The 128 input channels
of each HELIX chip are multiplexed to one output line and
agateisgenerated during which the dataare valid for read-
out. Thisgateisused by the FEDsfor digitization. The col-
umn management of the HELIX chips alows for continu-
ous writing during readout.

4 RESULTSFROM THE 1996 AND 1997 RUNS

Inthe 1996 HERA — B test run 3 double sided Silicon lay-
ers had been mounted. Figure 5 shows one event where a
track originating from atarget wire and traversing al three
layers could be reconstructed. An overlay of target posi-
tions measured in runs with different single target wiresis
shown in Figure 6. The e ongated forms of the hit distribu-
tionsonthewiresareclearly visible. Fromthe rms-width of
the projection orthogonal to the wires the intrinsic resolu-
tion for thetarget wireswas measured to be around 300 xm
in agreement with Monte Carlo estimates for the 1996 ge-
ometry. Along thewiresthewidth of thedistributonisdom-
inated by the width of the beam profile, which has a rms-
width around 500 ym. Datafrom onewirewithitstwo pro-
jectionsare shownin Figure 7. The gaussian profilein both
views indicates that the target wires are scraping the beam
in order to produce the required interaction rates. (See the
report of K. Ehret elsawhere in this proceedings).
Analyzing runs with more than one target wire allowed
one to determine by direct measurement the distribution
of hits between different wires, thereby monitoring the
performance of the target control system with respect to
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Figure 5: Display of an event with track candidates orig-
inating from a target wire and being observed in al three
detector modules.

equalizing the contributionsfrom al wires.

For the 1997 run the Silicon layers and readout elec-
tronics were exchanged but the geometric setup remained
the same. The main focus on this running period was to
establish a common data acquisition for all sub detectors.
Figure 8 shows typical measurements of different detector
components: The number of interactions per bunch cross-
ing measured in the Target Hodoscopes, number of clusters
in the Silicon counters, occupanciesin % for Outer Tracker
(OTR), Transition Radiation Detector (TRD), and ECAL.
These measurements are plotted versus the bunch number
of the proton beam. Clearly thefill pattern of the machine
can be seen: from —21 to —17 thelast filled buckets, from
—15 to —1 the empty buckets and, from 1 to 11 the first
filled ones. The high occupancy for the ECAL at the first
bunch crossing is dueto a LED pulser which was running
for calibration purposes. With these ssimultaneoudy read
out datathe functionality of the Fast Control System could
be established (see above).

In a further step the VDS, ECAL, and DAQ groups of
HERA — B were ableto establish aworking first level trig-
ger. For agiven bunch crossing they surched for high en-
ergy clusters in the 320 ECAL test modules. This cluster
was interpreted as a single high energey electron. With this
trigger the Silicon was read out. These events showed after
reconstruction an excess of tracks originating from the tar-
get and traversing both, Siliconand ECAL. The magnet was
switched off during these measurements. Figure 9 shows
thelego plot of theextrapol ated target position. InFigure 10
the x- and y-projections are given together with the ex-
pected combinatorical background, shown shaded. These
measurements were so encouraging that theHERA — B col -
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Figure 6: Overlay of data from runs with different single
target wires. The transverse coordinates of track candidates
fromthevertex detector are plotted at the plane of thetarget
wires. The clusters correspond to aindividua wire.

laboration spend ahughe effort in trying to reconstruct J /v
mesons. The analyses of thisdata is ongoing.

5 SUMMARY

In this proceedings was shown how the HERA machine
group and the HERA — B collaboration work together to
make the technological challange of the HERA — B Exper-
iment possible within the given timeconstraints. As exam-
plethe vacuum system and the RF shield of the Vertex tank
were described.

Results from the data taking periods of 1996 and 1997
established the functionallity of three different RF shield-
ings, the track reconstruction with the VDS, the function-
allity of the Fast Control System and have proven the First
Level Trigger towork.
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Near Beam Physicsat HERA

M. Bieler
DESY, D 22603 Hamburg, Germany

Abstract

This paper givesan overview over near beam physicsat the
HERA € ectron—proton collider at DESY. After a short in-
troduction to the HERA machine the main topics are the
proton beam loss monitors, the proton beam collimation
system, thewire target of HERA-B and the forward proton
spectrometers of H1 and ZEUS.

1 HERA

The Hadron-Electron-Ring-Accel erator HERA is an accel -
erator facility for theinvestigation of & ectron—proton colli-
sions[1], [2],[3],[4].[5].

It consists of two separate storage ringswith a circumfer-
ence of 6335 m each. They arelocated one upon another in
acommon tunnel 1020 m underground. The proton beam
isinjected into HERA at an energy of 40 GeV and accel-
erated to the design energy of 820 GeV. It is guided in a
superconducting magnet structure. For the electron ring a
conventional magnet design was chosen whereas the nor-
mal conducting rf-system of the electron machine is sup-
ported by 16 superconducting resonators to reach the max-
imum energy of 30 GeV [6].

The geometry of the HERA—collider, as shown in fig. 1,
is given by 4 straight sections where 4 experiments are Sit-
uated. They are connected by 4 arcs. In the straight section
“North” and “South” the two counter-rotating beams are
bent and focused onto a common interaction point where
the detectors of the experiments“H1” and “ZEUS’ respec-
tively are located to measure the e interactions. The
beam separation is designed for a head-on collision of both
beams.

Inthestraight section “East” theexperiment “HERMES'
measures the interaction of the polarized electron beam
with an internal gas target. The electron and proton beam
pass the experimental area of the detector in separate vac-
uum chambers.

Inthe straight section “West” thebeam linesare al'so well
separated and the Experiment “HERA-B” uses awiretarget
in the halo of the proton beam to investigate C-P violation
in the B-system.

HERA was constructed by an international collaboration
of more than 40 ingtitutes and laboratories from 12 coun-
tries. Contributions were both in the form of construction
and delivery of components for the facility as well as con-
tribution to the manpower during the design and commis-
sioning phase.

The construction of Herastarted in 1984, and in 1990, &f -
ter a period of 6 years both storage rings were technically
completed. The commissioning phase, starting in 1991,
was completed when luminosity was first achieved on Oc-
tober 20, 1991 with the collision of 10 counter-rotating

29

Hall South (ZELS) ==

Figure 1. Geometry of the electron proton collider HERA.
The bunches of the proton and electron machine collide at
theinteraction points*“North” and “ South” wherethe detec-
tors of the experiments ZEUS and H1 are located. In the
straight section “East” Hermes makes use of the eectron
beam, in straight section “West” HERA-B uses the proton
beam.

bunchesat theinteraction regionsNorth and South. 1n 1992
the detectors ZEUS and H1 were put in place and luminos-
ity operation started. Since then beam currents and lumi-
nosity have been increased steadily andin 1997 proton peak
currents of 100 mA in 180 bunches and positron peak cur-
rents of 40 mA in 189 bunches have led to an integrated |u-
minosity of 36 inverse picobarn per year.

2 PROTON BEAM LOSSMONITORSAT HERA

The proton beam loss monitors in HERA are distributed
around the ring, one monitor on every quadrupole mag-
net. As the HERA dectron ring, located about one me-
ter below the proton ring, creates a significant background
of synchrotron radiation, the proton beam loss monitors
have to distinguish between synchrotron radiation photons
and showers of charged particles from protons hitting the
beam pipe. The proton beam loss monitors consist of two
PIN diodes, two preamplifiers and a coincidence logic, in-
tegrated in a small housing, surrounded by a 2.5 cm lead
shielding [7]. Fig. 2 shows a sketch of a beam loss moni-
tor [8].

A singlesigna injust one diode caused by asynchrotron
radiation photon is suppressed by the coincidence logic,
whereas simultaneous signal sin both diodes, caused by the
shower of alost proton, create an output signa with alength
of less than 100 ns. With a bunch distance of 96 nsin
HERA thisleads to a maximum counting rate of one pulse
per bunch crossing. A redesigned version of theHERA pro-
ton beam loss monitorsis now commercialy available[8].

The quench protection system for the superconducting
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Figure2: Sketch of aHERA proton beam [oss monitor with
two diodes, two preamplifiers and a coincidence logic

magnets of the HERA proton ring uses the counting rates
of the beam loss monitorsas atrigger criterion for the beam
dump. After abeam dump thehistory of theratesof individ-
ual monitorsprior to the beam dump can be inspected for a
post mortem analysis. The rates of theindividual beam loss
monitors next to the proton collimatorsare used for thefine
positioning of the respective collimators. The rates of the
beam loss monitorsnext to theroman potsare used for their
positioning, and the overall loss rates are used for the fine
tuning of the betatron tunes and as agenera backgroundin-
dicator.

3 PROTON COLLIMATORSAT HERA

The proton collimation system at HERA is described in
detail in [9]. The collimators are located in 5 stations in
the straight section west, with 2 or 4 jaws per station. In
both the horizontal and the vertical plane there are one
primary collimator and two secondary collimators, respec-
tively. Ideal betatron phase advances between the jaws
wouldbe Ay = 30° or 30°+180° = 210° and Ay = 150°
or 150° + 180° = 330°. The position of the collimatorsin
HERA (in meters, right or left of the center of hall west),
the actual phase advances between the collimatorsand their
role as primary and secondary collimators are given in ta-
ble 1. The position of the HERA-B wiretarget isaso indi-
cated. In both planesthereare collimatorsat theright phase
advance downstream of thewiretarget to intercept particles
scattered by the wires.

Position | Aeyny | Ay | Function | Function
(degr.) | (degr.) | (horiz.) (vert.)
WR 94 0 -28 Prim. -
WR 33 85 0 - Prim.
HERA-B 121 26 - -
WL 19 158 74 Sec. 1 -
WL 105 189 154 - Sec. 1
WL 150 209 283 Sec. 2 Sec. 2

Table 1: Position, betatron phase advances and function of
the jaws of the proton collimator system
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The collimator jaws are tungsten-copper conglomerate
blocks, 60 mm wide, 80 mm high and 400 mm long (this
is equivalent to 4 interaction length). The collimator jaws
are not meant to serve as a beam dump. At least one acci-
dental beam lossin a collimator jaw caused severe melting
of thematerial and | eft apencil shaped grooveinthe surface
of thejaw.

The aignment of the surface of a jaw relative to the
beam is about 100 urad. The moving range of al jaws is
from +50 mm (open) to -5 mm (beyond the center of the
beam pipe) with a precision of +5um and a minimal gap
of 1.2 mm between opposing jaws. Each jaw is equipped
with a beam loss monitor, which is used to determine the
position of the jaw relative to the beam.

For the collimator closing procedure at the beginning of
a luminosity run, the rates of the beam loss monitors next
to the collimators are used. First all jaws are moved from
+50 mm to +15 mm. Then al jaws are moved to a po-
sition 3 mm wider than the position of the jaws during a
typical luminosity run. During this move an increase of
the counting rate of any beam loss monitor above a certain
threshold would stop al collimators. The threshold is set a
factor of 5 to 10 above the background counting rate mea-
sured with open collimators. Afterwards every single jaw
is slowly moved to the beam until the counting rate at the
adjacent beam loss monitor increases above the threshold.
Then thejaw is stoped and moved back out by 0.2 mm. Af-
ter the optimum collimator positions have been determined
that way, al collimators are moved simultaneoudly to their
optimum position by 0.2 mm. This procedureis relatively
dow (15 minutes), but very effective. Once the collimators
are closed, the experiments can turn on their sensitive com-
ponents and only little fine tuning of the collimatorsisre-
quired to control the background during aluminosity run.

For the 1998 run, with HERA-B routinely operating the
wire target, the collimator closing procedure will be mod-
ified in a way that HERA-B will move the wires into the
beam hal o beforethe collimatorsare closed. Thisprocedure
will help to further reduce collimator tuningif thewires are
moved in or out during aluminosity run.

Fig. 3 shows the console application for the proton col-
limators. The upper part shows the status and position of
the different collimator jaws rel ative to the beam pipe cross
section. Thelower part showsthe counting rates of the pro-
ton beam loss monitors next to the collimators. The highest
rates are seen at the collimator WL 19, just downstream of
the HERA-B wiretarget.

The proton collimators and the adjacent beam |oss mon-
itors have been used as tools for many different beam
diagnostic measurements (for details see [9]) like accep-
tance measurements, frequency analysisof beam lossrates,
measurements of the transverse particle distribution in the
beam, diffusionratesinthebeam hao or diffusionrates due
to beam beam interaction.
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Figure 3: Console application for the proton collimators.
The upper part shows the position of the different collima-
tor jaws, the lower part shows the rates of the proton beam
loss monitors next to the collimators.

4 THE HERA-B WIRE TARGET

The HERA-B experiment and the wiretarget are described
indetail by C. Hast and K. Ehret inthese proceedings. Here
some aspects of the target operation from the machine op-
erations point of view shall be mentioned.

The wire targets of HERA-B are moved into the halo of
the proton beam. Their position relative to the beam is ad-
justedto afixed interactionrate. Thisalowsthetarget wires
to follow slow motions of the beam due to thermal drifts.

At atypical interaction rate of 30 MHz at the target the
beam loss monitorsat thefirst collimator downstream see a
beam loss rate of about 30 kHz, compared to about 1 kHz
without target operation. The proton related backgrounds
at the other experimentsdo increase when thewires arefirst
moved in, but can usually be reduced again by carefully ad-
justing the collimator positions. The lifetime of the proton
beam isreduced from about 1000 hourswithout target oper-
ation to less than 100 hours at interaction rates of 30 MHz.
Fig. 4 showsthebeam currentsin HERA for two typical lu-
minosity runson September 11, 1997. During the run early
in the morning there was no target operation of HERA-B.
During the second run a 6 PM HERA-B went to an inter-
action rate of about 40 MHz. At that time adrastic change
in the proton lifetimeisvisible,

HERA on Thursday September 11 1997
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Figure4: Beam currentsin HERA for two typica luminos-
ity runs on September 11, 1997. From 6 PM on HERA-B
target operation limitsthe proton lifetime.

5 THE FORWARD PROTON SPECTROMETERS
OF H1 AND ZEUS

In some el ectron—proton collisionsat HERA the proton sur-
vives, gets a small transverse kick and/or looses a frac-
tion of its energy and escapes from the detector through
the beam pipe. In order to capture these protons, both
H1 and ZEUS have installed forward proton spectrometers
with up to six detector stations within a distance of 90 m
downstream from the interaction point. These spectrome-
ters make use of the vertical dipole magnets 70 m from the
interaction point, which are used for the vertical separation
of thebeam pipesinthearcs of HERA. The detector stations
are equipped with roman pots. These are thin housingsfor
detectors, which can be moved into the beam pipe close to
the beam.

Two detector stations of the forward proton spectrome-
ter of H1 at 60 m and 80 m from the interaction point can
be moved horizontally into the beam pipe, two vertical sta
tionsare at 80 m and 90 m from the interaction point. Co-
incidence of signals from the two vertica stationsat 80 m
and 90 m allows to reconstruct traces back to the interac-
tion point. The energy acceptance of the vertica stationsis
roughly 500 - 750 GeV (at 820 GeV beam energy). The ac-
ceptance of the total system is about 10 %.

Thevertical detectorsarekept about 15 o abovethe beam
center. The actual position of the detectors with respect to
the interaction point can be measured with a precision of
100 pum. At thebeginning of aluminosity run, after the col-
limators have been closed, theroman potsare sl owly moved
into the beam pipe. The counting rate of aproton beam loss
monitor downstream from the roman pot is observed. If
the gradient of the counting rate increases above a certain
threshold, the movement of the pot is stoped and then it is
retracted by 200 pum. If the counting rates of the beam loss
monitorsor the counting rates of the detectors in the roman
pots increase dramaticly during a luminosity run, the pots
are retracted from the beam within a few seconds.

The detectors in the H1 roman pots consist of layers of
1 mmfibers. Thefibersare groupedinlayersof 25 fibers, 5
layersin one direction and another 5 layerstilted by 90 de-
grees. Such afiber package together with two trigger tiles
forms one detector and every roman pot is equipped with
two detectors. The fibers are guided to photomultipliers
which arelocated 50 cm away from the beam. Fig. 5 shows
asketch of one of the vertical roman potsof H1. A detailed
description of the system can be found in[10] .

The leading proton spectrometer of ZEUS consists of
more stations (3 vertical and 3 horizontal stations). Un-
like the H1 pots, the ZEUS pots do not have a flat bottom,
but a curved bottom surrounding the beam. The pots con-
tain silicon detectors and amplifiers, both installed close to
the beam. The advantage is a high energy acceptance and
a high resolution of the detectors. Disadvantages are the
need for radiation hard components and for cooling. An-
other disadvantageisthelack of flexibility duetothe curved
shape of the pots. If the beam drifts perpendicular to the di-
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Figure5: Sketch of one of the vertical roman pots of H1

rection of motion of the pots, the pots have to be removed
from the beam until the old beam position is reestablished.
If changes in the machine opticsrequire an increase of the
beam diameter at the pots, the pots have to be redesigned
completely.
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Performance of the HERA-B Tar get
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Abstract

HERA-B isafixed target experiment dedicated to study CP
violation in the decay of neutral B mesons into the "gold
platted” decay mode B® — J/¢K2. Aninternal target in
the halo of the 820 GeV HERA proton beam provides the
source of B mesonsin high ratefixed target proton-nucleus
interactions. Thetarget collectsvery efficiently the protons,
before they get lost on any aperture limitation, to achieve
the required constant interaction rate of 40 MHz. It oper-
ates paralel to HERA e-p luminosity data taking without
significant disturbance of the other HERA experiments or
the beam quality. This paper reviews the requirements and
the main functionality of the HERA-B target. The differ-
ent impactson thetarget performance and various measure-
ments are presented.

1 INTRODUCTION

One of the outstanding problems in high energy physicsis
the origin of CPviolation, aphenomenadiscovered already
30 years ago in decays of neutral kaons. The most promis-
ing laboratory for CP violation studies are decays of neu-
tral B mesons, where CP violating effects are expected to
be large. Decay channels which can exhibit CP asymme-
tries are extremely rare, typically suppressed by 4 to 5 or-
ders of magnitude. Cuts to select the events and to iden-
tify the b flavour reduces the useful rates further. Therefore
ameasurement of CP violation requires a large number of
B produced mesons, i.e. a machine acting as a B factory.
HERA- B uses the HERA protonsto generate B mesonsin
820 GeV proton-nucleusinteractionson afixed target. Here
several tenths B mesons per second are rather easily pro-
duced, but the events contain alarge number of particlesbe-
sides the decay products of the B mesons. In addition the
bb production cross section at HERA energy is six orders
of magnitudes smaller than thetotal inelastic cross section.
The ambitiouschallenge of the experiment are thedetectors
which will be operated in avery high rate environment and
the triggers which have to provide a background reduction
by six orders of magnitude.

The main goa of HERA-B is the observation of CP vi-
olationin the B® — J/yK? decay mode (cp. Fig. 1) by
mesasuring the asymmetry:

[(B® — J/YKY) —T(B° — J/¢KY)

At [(BY — J/yK%) + (B — J/$K?)

sin2@sinxt/7p,

1K laus.Ehret@desy.de
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Signal B

p
820 GeV

Target L lepton tag (P=0.17)
K-
C§C@Q(Po.u)
Tagging B

vertex charge tag (P=0.16)
Figure 1: The "gold platted” B — J/¢ K3 decay with
some kinematical quantitiesat HERA-B .

where x =~ 0.67 isthe mixing parameter, 7 the lifetime of
the B meson and sin 23 the term measuring CP violation.

Considering the cross section, the branching ratios,
the trigger and the reconstruction efficiency of the
HERA-B detector one ends up with a tota efficiency of
approximately 3 x 107!2, A first significant CP mea-
surements requires ~ 1000 events and therefore 4 x 104
interactions. This means one year (107 sec) running at a
rate of 40 MHz. Regarding the HERA bunch freguency of
8 MHz, thisleadsto 5 simultaneous interactions per bunch
crossing (bx).

HERA-B uses a set of 8 ribbons which are positioned
around the beam at a distance of 4 - 6 r.m.s. beam widths,
i.e. inside the beam halo or close to the beam core but out-
side the core. The main idea is to absorb protons, which
leaves the beam core and would get lost anyhow, and bring
themtointeractioninthetarget (cp. Fig. 2). Such awiretar-

Figure 2: Basic idea of a halo target: protons which are
drifting outwards interact on the wires before hitting any
aperture limitation.

get ismechanically stable, easy to operate and it giveswell
localized and separated main vertices. The operation of the
target has to ensure that neither the beam quality is affected
nor the e-p luminosity is reduced or the data taking of the
other HERA experiments is disturbed by background. To
achieve routinously the anticipated rate of 40 MHz it ises
sential that at |east 50% of the halo protonsare absorbed in
the target beforethey get lost on any aperture limitation.
In thisarticle the basic properties of the HERA- B target
are reviewed. Main emphasis lies on the interference with
HERA beam operation. After a brief description of the
HERA machine and the experimental setup the main re-
quirements and the basic functionality are summarized.



The impacts on the target efficiency are considered and the
performance is discussed by afew selected measurements.

2 HERA

HERA [4] is a double storage ring designed for colliding
a 820 GeV proton beam with a 30 GeV electron beam?.
The rings with alength of 6335.8 m, their complicated in-
jector chain and the four interaction regions are shown in
Fig. 3. H1 and ZEUS are general purpose e-p experiments,

Halle NORD (H1)
Hall NORTH (H1)
HERA

Halle WEST (HERA-B)
Hall WEST (HERA-B)

Halle OST (HERMES)
Hall EAST (HERMES)

Figure 3: The HERA e-pring at DESY in Hamburg.

the HERMES experiment in the east hall exclusively uses
the polarized e ectron beam. The west straight section was
rebuilt in the 1995/96 shutdown. All previoudly installed
machine elements have been removed from the area to a-
low the installation of the 20 m long HERA- B detector in
thewest hall. In additionthe opticswas modified to comply
with the variousHERA- B requirements:

e low 3 function and low dispersion in the target area

e operation with the 2.1 Tm spectrometer magnet with
both polarities and with switched off magnet
compensation of the impact of the magnetic field on
the polarization of the electron beam. Note that the
HERA dectron beam tube has to go through the de-
tector, in 1 m distance of the proton beam tube, near
the poleface of the HERA-B magnet.

extent the proton collimator system to adopt tothenew
optics and to provide a powerful system to shield the
other experiments against target induced background.

2.1 HERA Proton Beam Parameter

In Tab. 1 the typica proton beam parameter at the
HERA-B target at WR09® are summarized. HERA oper-
ates at a proton energy of 820 Gev with currents up to 100
mA and with lifetimes of several hundred or even thousand
hours. The protons are filled in 180 bunches with currents

2HERA operates usualy with positrons - refered within this article as
electrons.

3Noticethe HERA naming conventionused within this article: 4 quad-
rants (east, south, west and north) splitted in aright and left octant. Eg.
WRO09: WestRight - 9 m upstream of the west hall.
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HERA-p X y
Beta Function 3 3Bm 3Bm
Alphac« 0 0.01
Typica emittancee | 5-10"%radm | 4- 10 °radm
spatial dispersionn -470 mm -1 mm
angular dispersionn’ | -13.5 mrad 0
beam size o 0.4 mm 0.35mm
Table 1: Parameter of the proton beam a the

HERA-B target position in 1996 and 1997. The hori-
zonta direction is denoted by the index x, the vertical by

y.

of around 0.5 mA (7 - 10'° protons), a bunch spacing of 96
nsec and atypical bunch length of 1 nsec. The detailed bx
filling schemeisshown inFig. 4.

HERA Bunch Filling Scheme:
3 * (6 trains plus 4 free RF-buckets)
each train with 10 filled and one free bucket

I ! ! |
! I I |
220

Filgure 4: HERA p:nbunch filling schlélme. Intota thereare
220 RF buckets; thelast 15 empty buckets are necessary to
guarantee a secure beam dump.

bx-number

2.2 TheProton Collimator System

The redesign of the proton collimator system [3, 5] required
an optimized compromise between the limited available
space, the capability to shield the other HERA experiments
effectively against natural proton background and to catch
protons, which are scattered under large anglein the target,
before they hit the other HERA experiments[6]. The main
design criteriaiis given by the optimum phase advance of
secondary collimators with respect to the primary collima-
tor or the target:

A¢P" = m - 180° & arccos(ny,¢/ns),

where m is an integer number and n,, ;, ns are the ampli-
tudes of themain collimator or target and the secondary col-
limator in units of beam sigma respectively. The system
was built as a three stage collimator setup. The phase ad-
vances and the 3 functionsaregivenin Tab. 2. A simulation
code with particle tracking was devel oped to study the tar-
get induced background and the capability of the collimator
system [7]. In the 1996 run it was proven that the collima-
tor system has a high capability to catch scattered particles
from the target and to shield the other experiments very ef-
ficient. Thiswas avery important milestonein the coopera-
tionwith HERA and the HERA experiments; allowing long
term high rate operation of the target.



V,/deg | type | B./m | n/mm | ¥, /deg | type | B,/m | n,/mm
KX0,KYO WR0%4 0 p 140.1 | -368. 0 p 79.0 5.6
KY1 WRO033 - - - - 27 sl | 485 | -135
Target WR009 121 t 35.0 | -470. 65 t 35.0 -1.
KX1 WLO019 158 sitl 62.3 -87. - - - -
KX2,KY2 WL105 189 - 1629 | 660. 182 tl | 1040 | -21.
KX3,KY3 WL150 209 2,(t2) | 41.6 510. 311 242 | 789 18.8

Table 2: Phase advance, beta functions and dispersion at collimators and targets. The following convention for the type
notationis used: p -primary collimator, t - target, s1, s2 - two stages of secondary collimatorsfor the primary collimator,

t1, t2 - secondary collimatorsfor the target.

2.3 Brief History: HERA and HERA-B Target

Since thefirst days of HERA operation the progress of the
HERA- B target was closely related to the steadily ongoing
devel opment and improvement of the HERA proton ring.

1992: Shortly after HERA produced first e-p luminosity
with 10 proton bunches and an integrated current of
1.5 mA first tests with the HERA- B target were car-
ried out in autumn 1992. A simple test setup was in-
stalled in afreeareain the west right straight section at
WR118. Withonewireshort term rates of 40 kHz with
an efficiency up to 8 % have been achieved.

1993 HERA operates with 90 p-bunches and a current of
15 MHz. Thetarget setup was significantly improved.
With the four installed wires (movable pairs of wires
at opposite beam sides with fixed distance) rates up to
8 MHz have been achieved. With avery simple setup
of small drift chamberstracks pointingto thetarget has
been observed.

1994 HERA isnow operating with 50 mA of protonsin170
filled bunches. The natural lifetime of the p-beam ex-
ceeds 1000 h. To reach 40 MHz rate it was necessary
to reduce the lifetime to less than 50 h; thisdidn’t af -
fect the HERA luminosity operation.

1995 Theimproved target mechanics allowed theindepen-
dent movement of four wiresfrom all four sides. Ma
jor improvementshave been madeintheautomatic tar-
get steering, the monitoring and logging of externa
data (e.g. HERA information).

1996 HERA fills up to 80 mA protons in 180 bunches.
The target with now 8 independent movable wiresis
mounted on the vessal of the HERA-B vertex detec-
tor system (VDS) and operated at the final location at
WROQ09 with the final optics parameter. In long term
high rate target operation the functionality and relia
bility of theHERA- B target hasbeen demonstrated. A
major milestonewas the successful reduction of target
induced backgrounds by means of the HERA collima:
tor system, which opened theway for asuccessful cor-
poration with the other HERA experiments. The dis-
tribution of the interactions aong the target wire was
measured with the vertex detector test setup.
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1997 HERA exceeds 100 mA of filled proton current. The
target is now nearly continuoudly in operation. De-
tailed investigation of the contributions of individual
bunches gave solicitous results concerning the non
proton bunch related interactions. A new wire inser-
tion procedure helped to increase significantly the tar-
get running efficiency and to reduces the proton back-
ground and eases the optimization.

3 THE HERA-B TARGET

3.1 Requirements and Environment

The measurement of CP violation requires an interaction
rate of around 40 MHz, i.e. 5interactions per bunch cross-
ing. One has to compare this with the natural loss rate of
the proton beam. With atypical current of 80 mA (i.e. 10'3
protons) and alifetimeof 100 hoursthe HERA proton beam
just loses 30 MHz of protons. This demonstrates that the
target hasto collect very efficiently the protonsbefore they
get lost, and that thetarget has to scrape away protonsfrom
thetails of the beam in case theinitial lifetimeistoo high.
The target efficiency er is defined as the ratio between the
interaction rate in the HERA- B target and the total HERA
proton loss rate, which is given by the current and the life-
time. A target efficiency above 50% isaspired not to reduce
the proton lifetime below 50 hours. At this accepted level
the target don’t cut severely into the efficiency of the other
HERA experiment because the HERA [uminosity lifetime
isusually lessthan 10 h, mainly determined by the el ectron
lifetime and the emittance growth®. The interactions pro-
duced on the target follows the Poisson statistics:

n

1
pu(n) = _,
n

exp(—p), n=0,1,2,3, ...

where p,,(n) describes the probability to observe n interac-
tionsin abunch crossing (bx) if the mean number of inter-
actionsper bx is .. Thevariance of the Poisson distribution
isequal to the mean value v, i.e. one gets a broad distribu-
tion. The capability of theHERA- B detector, optimized for
amean of five overlaid events, islimited by high occupan-
cies and high radiation doses. The following lists summa-
rizes the basic operation conditions to the target by means
of the three most important efficiency requirements:

N Trwms = 1/mp +1/Te +1/Te—p + 1/Te—e



Rate and Target Efficiency: To achieve the aspired rate
of 40 MHz the impact on HERA and the other HERA
experiments hasto besmall. Thisrequiresavery high
target efficiency of at least 50% and an effectivereduc-
tion of background produced in the target.

Running Efficiency: A nearly continuousoperation of the
target isnecessary to obtain 107 sec measurement time
within one year. The target steering has to be there-
fore very secure and has to avoid any harm or even
the loss of the proton beam; which would then cost at
least several hours to refill HERA. In addition it has
to be very reliable, fast and easy to be operated. A
proper online monitoring is necessary to recognize
problems, eg. in the rate stability or the background
very early. And last but not least the coordination
with HERA and the other HERA experimentsisessen-
tial to obtain an effective use of filled proton beams.

Reconstruction Efficiency: Due to the limitations of the
HERA- B detector capabhilities in resolving events
with very much interactions a constant rate without
spikes but with equal distribution from all wires for
al filled proton bunches is needed. In addition the
interactions should come out of a small time window
(=~ 1 nsec) within the 96 nsec bunch distance.

3.2 Scattering on the Target and b Production

Particles hitting thewire can interact or undergo quasi €las-
tic scattering. At high energies (> 10 Gev) the cross sec-
tions depends only weak on the energy. Thetotal cross sec-
tion of protonsimpinging on a nuclei with atomic number
A > 4isgivenby:

Tror = 40mb - A%/3(1 + 0.510g;, A).

oot 1SON theother hand given by the sum of theelastic and
indastic crossection (oot = T + Tiner) With:

Cinel = 33mb - A2/3(1 +0.231og;p A).

Theratioo.; /o+.+ Can be parametrised withinafew percent
accurecy by:

Uel/o-tot =0.205 - AO.lB, A>T,

The HERA proton beam energy of 820 GeV leads in a
fixed target environment to a center of mass energy /s =~
40 GeV, an energy not to fare above the b threshold. The
background of normal inelastic interactions dominates b
production by six ordersof magnitudes. At HERA energies
the gluon fusion processes, gg — bb, provides about 85%
of the heavy quarks, therest is produced by quark annihila
tion, ¢¢ — bb. Fig. 5 showstheresultsof QCD calculations
up to o [8]. They predict a bb cross section of about 12
nb at 820 GeV beam energy, but with large uncertainties.
The predicted value is in reasonable agreement with vari-
ous measurements which also incorporateslarge uncertain-
ties. This picture aso clearly indicates that an increase in
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the HERA proton energy, whichisnow under seriousinves-
tigation® woul d increase the b-yield and therefore the signal
to background ratio significantly. The bb cross section in-
creases nearly linear with A:

oy = 12nb - A%

Therefore the fraction of events with heavy quarks in-
creases slowly with A. On the other side the mean number
of tracks per interactionsincreasesroughly like (n) = A°-2.
For the experiment, mainly limited by the occupancy in the
detector, one achieves a dight gain in the number of pro-
duced b quarks per interaction to the number of tracks per
interaction in the range of 20-30% for heavy targets com-
pared to light targets. There are more b’s per interaction for
heavy materials. Therefore one aso gain in the number of
vertices per bx - anumber whichispreferably small. Butfor
the target material choice one has to take into account vari-
ous other pointsliketarget efficiency, target induced back-
ground and momenta distribution of the tracks which usu-
aly preferslight materials.

3.3 Basic Impactson a Halo Target

The basic idea of a halo target is to absorb protons which
leaves the beam core and drift outwards and would get | ost
anyhow, and bring them to interaction in the target before
they hit any aperture limitation in the beam tube. An effi-
cient competition of the target with the collimators, which
defines the aperture of the beam is needed. The interac-
tionlength \;,,; of typical target materiasisgivenin Tab. 3.
A proton has to hit the 500um long target several hundred
times before an interaction occurs. Diffusion and the scat-
tering in the target are the two important processes which
determines the efficiency of thetarget. Fig. 6 showsasim-
plified sketch of the beam density with and without a target
at the beam.

The number N (t) of wire hits after ¢ revolutions can be
estimated by following consideration for a horizontally lo-
cated target. The target wireislocated at a position with a
betatron amplitude 7. A halo particle with given betatron
amplitude W > T occupy horizontal positions between

SFor 1998 arun at 920 GeV is aspired.



Material C Al Ti Fe Cu

Z 6 13 22 26 29

A 12.01 26.98 47.88 55.85 6355
AinglCm 38.1 394 275 16.8 15.1
Xraalcm 188 89 356 176 143
O,c/urad | 24. 36. 475 52 55.
(AE)/ MeV | 438 433 360 382 380

Table 3: Atomic number A, mass Z, interaction length \;,.;,
radiation length X..4, mean angular smearing O, and the
mean energy loss (AE) for varioustarget materials.
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Figure 6: Basic impacts of a halo target.

—W and +W with z(t) = W - sin ¢(t), depending on the
betatron phase ¢(t), see Fig. 7. Since the phase changes
turn by turn with the tune @, which isa not asimpleratio-
nal number, the phase randomizes after several turns. The
probability that the wire with horizontal width §,, (typicaly
50um) is hit can be approximated by:

AN/dt = 6,/ (moxy W2 —T2).

Depending on the detailed numbers and the coupling of the
horizontal and vertical betatron motion one gets values of
several ten-thousand to a few hundred-thousand turns be-
fore the proton interact in thewire, i.e. typical timesin the
order of a second.

Diffusion effects haveasimilar timescaleand it isthere-
fore important to consider them a little bit more in detail.
The steep increase of thedrift velocity vp with thebetatron
amplitude W can be parametrised by:

At atypica position of the target a 4 - 6 beam sigmas
vp(Wy) lies between 0.1 and 10 o/sec.

Before a proton gets absorbed it passes Nipn: = Aint/0x
times through the target and scatters in the target material.
The total angular smearing due to scattering is given by:

~(5)

w

UD(W) = 'UD(W()) (Wo

14MeV
p

2
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2
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Figure 7: The horizontal phase space with atarget wire at
fixed positionand the probability to find aparticleat agiven
x position for particles with various betatron amplitudes.

Tab. 3 list thisnumber for various materials and the HERA
energy of 820 GeV. The scatteringleadsto an effectiveblow
up of the beam which is determined by an increase of the
squared betatron amplitude W:

2.
se?

AW?) =320

anumber which hasto be compared with beam width 0% =
3%-€2 ~ 400um. Multiplescattering amountsthereforetoa
smearing of the betatron amplitude by afew o which hasto
be added in quadratureto the betatron amplitude of theha o
particles. The correspondingwidening of thebeamisone of
thelimitingfactorstotheefficiency of thetarget. Thestrong
7 dependence of multiple scattering clearly prefersthe use
of light target materials. In addition a small 5 function is
advantageous to minimize the widening of the beam.

Particles traverses the target aso loses energy. The en-
ergy lossof 820 MeV protonsper interaction lengthissum-
marized in Tab. 3. Thisenergy lossleadsto synchrotron os-
cillation in the longitudina phase space and together with
the non-vanishing dispersioninthetarget areato deviations
from the design orbit in the transverse phase space. Some
details will be discussed in section 5.5 in conjunction with
the observation of non-bunch correlated interactions.

3.4 Target Efficiency Smulation

A simulation programwas devel oped g[ 9] to study thebasic
properties of ahalo target. Single halo particles are gener-
ated and tracked through the HERA proton machine until
they are absorbed in the target or hit an aperture limitation.
The particle tracking in linear optics uses single turn trans-
port matrices, coupling is introduced artificially by a skew



quadrupole. Diffusion istaken into account by the former
given parametrisation; scattering and energy lossof protons
in the target are simulated, 10sses or interactions are cal cu-
lated. The simulation containsalot of parameters, not al of
them are well defined:

Geometries. the detailed information concerning the
HERA ring geometries and its aperture limitation
is rather complex and even not always well known.
The simulation uses actualy only one limit in each
transversal direction; this seems to be a proper
approach as long the collimator system defines the
narrowest part of HERA.

Optics: The simulation assumes linear optics; the severe
guestion is, whether the region outside 4 o is domi-
nated by nonlinear effects. At HERA nonlinear im-
pacts are expected, e.g. the dynamic aperture or stable
resonancesin thehalo region. But thevery highintrin-
sic proton lifetimeis an indication that the machine is
even for larger betatron amplitudes in good approxi-
mation linear.

Diffusion: There existsjust a poor knowledge and under-
standing about diffusion processes in the beam halo.
Statistical physicswithitsbasictransport equationsto-
gether with some measured data provides the frame.
The high proton lifetime and the interpretation of
HERA- B target dataindicatesrather small drift veloc-
ities. A deeper understanding of beam hao dynamics
is an important goal of actua and further target stud-
ies, and thesimulation programisthereforeapowerful
tool.

Fluctuations: The real proton machine shows a wide va-
riety of fluctuationsand disturbances, something what
isuntil yet neglected in the simulation.

The target efficiency is either limited by diffusion or by
multiple scattering. In the first case more target materia
and material with larger Z improvesthe efficiency. But the
HERA-B target is mainly dominated by multiple scatter-
ing®. Fig. 8 shows for this case the results of simulations
with various target materials and different target positions
for collimatorslocated at 7 and 9 o. Thefollowinglist tries
to summarize the most important results of the simulations:

e Low Z materials and low 3 are advantageous for the
multiple scattering dominated case.

To achieve e > 50% at least a 3 o distance from the
target to the aperture limitationis required.

e More materia helpsonly in case of large diffusion.

e There is a good agreement between simulation and
measurements, i.e. the main impacts are proper simu-
lated. For the target operation point (4 - 5 o) one gets
similar absolute values for ez from the simulation.
Fits to measurements over a complete scans requires
usually avery steep slopefor vp(s).

8due to the high proton lifetime. But diffusion still has an impact on
the efficiency.
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Figure 8: Target efficiency as function of the wire position
for varioustarget materials and two different collimator po-
sitions.

4 EXPERIMENTAL SETUP

4.1 Location and Mechanics

HERA-B uses a set of 8 ribbonswith 50:m thickness par-
alel to the beam and 500um length along the beam axis,
which are positioned around the beam at a distance of 4 -
6 0. The targets are grouped in two stations with a dis-
tance of 4 cm aong the beam axis s. Within one station
the4 different targetsarelocated at nearly equal s-positions
and approaches the beam from all 4 different sides. Since
the rebuilt of the HERA west right straight section the
HERA-B target is located at WR09. The mechanics is
mounted on a2 m long vacuum vessel which mainly houses
the HERA-B vertex detector system (VDS) [10]. Fig. 9
shows two photos of aready mounted targets in the open
VDSvessel. Thetargetsare mounted on aceramic fork and
they are electrical connected to the outside of the vacuum
vessel; providing a measurement of the interaction rate on
atarget by means of ainduced charge measurement in the
wire. The second photo shows a part of the RF shielding
and the target cage in the VDS vessel. Protons are passing
from right to left. The stepping motors which moves the
wireshave anominal step-size of 50 nm. The precision and
the clearance fit are in the um range.

4.2 Countersand DAQ

Until yet mainly atest setup consisting of scintillating coun-
tersand silicon PIN diodesisused to monitor thetargets. In
1996 the technical test run for the HERA- B sub-detectors,
the various triggers and the data acquisition has started.
The prototype detector delivers until yet mainly informa
tion for improved diagnostic, here esp. the VDS is very
helpful (cp. Fig. 16). In the future the HERA-B detector
will provide detailed information about rates, the contribu-
tions of individual wires etc. , which will be used for steer-
ing.

The DAQ system consists mainly out of scalers. ADCs,



Figure 9: Targets mounted in the VDS vessdl.

TDCs and especially a 40 MHz and 1 GHz FADC system
providesdetailed informatione.g. ontheevent topol ogy, the
timing and the contribution of individual bunches. A large
number of external data(HERA and other experiments etc.)
are read from various online data servers and written into
one common target online database. The target informa:
tion (mainly rates and wire positions) is delivered through
various servers to the other HERA- B subcomponents, to
HERA, the other HERA experiments and is displayed on-
line on the HERA WEB page’. The online monitoring is
very essential, for the operation of the target as well as for
the coordination with other groups. Already now usualy at
least 20 usersrequest or display target informations.

4.3 Target Control

The target steering is based on direct measured rates and
rather simple agorithm. To increase the rate the target
moves in, to reduce the rate it moves out. Fig. 10 shows
a sketch of the hardware setup. The steering code, imple-
mented as afina state machine, handles fast beam finding,
rate stabilization and equalization on several wires and it
hasto react very fast on emergencies. Security and to avoid
any harm to the beam or other detectorsisthe highest prior-
ity inthesteering concept. Thereforeseveral levelsof emer-
gencies are implemented. The main steering takes place
in a 10 Hz loop; rates are read out and the target move-

http://mww-mpy.desy.de/desy-acc.htmi#HERA-B-Wire
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ment is calculated, taking into account emergency condi-
tions, the history and the slope of the rates. Close to the
beam dready a O (10 um) step changestherate by afactor
of two. The egudization of individua wire contributions
isjust in a starting process. The test setup lacks from fast
and significant measurements - but integrated low statistic
devices shows already now very promising results. Finaly
the second level trigger will analyze vertex information of
several kHz of eventsand providetheinformationtothetar-
get steering. Last but not least the target control has to be
doneby lot of different peopleson shift, i.e. it hasto bevery
reliable and easy to run. TCC - the Target Control Center
provides therefore an easy to use graphical user interface.

5 MEASUREMENT EXAMPLES

In the following section some basi ¢ properties and the per-
formance of the HERA- B target are discussed on afew se-
lected measurement examples.

5.1 Halo Target and Target Efficiency
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Figure 11: Target distance to the beam center and interac-
tion rate as function of time.

Fig. 11 shows atypica target scan taken in 1993. Af-
ter thetarget leaves the collimator shadow at about 120 the
trigger rate suddenly startsto rise. With each step towards
the beam center the target scrapes away a part of the beam
halo. Thisleadstoasharp riseintheratewhich decaysthen
within a few minutes to a new steady state. At a distance
of about 8¢ the rate remained at 200-300 kHz for about
one hour. After retracting the target the rate drops sud-
denly and rises again until thehaloisrefilled. InFig. 12 the
target efficiency e is shown for two different wire scans.



e rises after the wire has left the collimator shadow at
120 and becomes the dominating absorber if the target is
moved closer to the beam. Efficiencies well above 50%
have been reached. The importance of the collimator posi-
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Figure 12: Target efficiency asafunction of the distance to
the beam center.

tion isdemonstrated by the measurement shownin Fig. 13.
Here the targets are kept at fixed positionsand the collima
tor positionisvaried. The rate and the not plotted target ef-
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Figure 13: Interaction rate as a function of the collimator

position. The targets are at fixed positions (dots. ~ 6.50;
triangles: =~ 50).

ficiency er riseswiththe collimator position. At around 9o
the apertureislimited by other devices, therefore no further
increase is observed. To achieve high values of e at least
3o free aperture from the target positionis required.

5.2 Long Term High Rate Operation

During the last years the feasibility of long term high rate
target operations was proven. Fig. 14 shows a typical ex-
ample with six hours continuousrates above 30 MHz, pro-
duced withfour wiresfromonetarget station. Thefew large
degradations(a) of therate are triggered by the target emer-
gency system, which retracts for safety reasons the wires
to avoid huge spikesin therate. During the run the targets
move steadily closer to the beam (b) and scrape away pro-
tons from the bunch tails to keep the interaction rate con-
stant. The wires approach to less than four sigma to the
beam core. The scrapping of the beam leads to a clearly
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Figure14: Interactionrate (a), wireposition (b), proton cur-
rent (c) and the two most critical background rates (d) of a
typical HERA-B high rate target run.

visible reduction of the proton current and lifetime (c). In
the above examplethe protonlifetimewhilehighrateisbe-
tween 45 h and 50 h. Thisresultsin atarget efficiency er
between 60 and 65 %. Another important topicisthe back-
ground at the other HERA experiments caused by large an-
gle elastic proton nucleon scattering in the target wires. In
Fig. 14 d) the both most critical background rates together
with the limits for good running conditions are given. The
limitsfor still acceptable background conditionsare afactor
of two higher. Inthe 1996 runit was proven, that theHERA
optics modifications for the HERA- B experiment together
with the extended and adjusted proton collimator system
is very effective for the reduction of target induced back-
ground.

5.3 Rate Sability and Fluctuations

The investigation of the rate stability is a huge and very
important topic because the efficiency of the final exper-
iment relies on stable rates. The actua HERA operation
conditions, with very high natural proton lifetimes, requires
to aproach the targets close to the beam, scrape away pro-
tons and reduce the lifetime. The target operates at a very
sharp edge of thebeam, aready m steps alterstherate sig-
nificantly. Artificial beam excitation to increase the halo
population, e.g. by adding stochastic noise to a quadrupole



and modulate the tune, could help to relax the situation.
Thisisunder seriousinvestigation® and testsare planned for
the 1998 operation. Fig. 15 illustrates that the interaction
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Figure 15: Power spectrum of the interaction rate showing
typical linesfrom power suppliesat 50 and 100 Hz but also
lines from vibrations of machine el ements.

rate (analyzed with a spectrum analyzer) presently reflects
power supply lines and other externa impacts.

5.4 Distribution of Interactions along the Wire

With the vertex detector installation in 1996 it was possi-
bleto measure the distribution of interactionsalong thetar-
get wires. Fig. 16 showsthetransverse coordinates of track

(x,y) of track candidates at Zg
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Figure 16: Target wires seen by the VDS,

candidates from the vertex detector plotted at the plane of
the target wires. The clusters corresponds to individual
wires. The background is purely dominated by combina-
toric. The projectionaong thetarget wire has an rms-width
around 500 pm, reflecting the intrinsic distribution on the
wire folded with the vertex detector resolution of around
300 pm. Theintrinsic width istherefore equal to the beam
width of around 400 m and not significantly smeared out
by nonlinesr effects in the beam halo.

8The problem is not to destroy the beam core and thereforethe e-p lu-
minosity.
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5.5 Individual Bunch Contributions

The last topic discussed within this issue is the investi-
gations of individual bunch contributions. All 180 filled
HERA proton bunches contain usually within 10%the same
current. For efficient data taking one aspires similar rate
contributions from al bunches within a narrow time win-
dows of 1 nsec width and equal distances of 96 nsec. Oth-
erwise one loses efficiency due to high multiplicity events
which cannot be resolved, low multiplicity eventswith less
gtatistics and uncertainties in the drift-time measurement
lowering the detector resolution.

Fig. 17 shows two measurements taken with a FADC
system which samples the interaction rate signal with the
fourfold bunch-frequency. The first measurement, taken
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Figure17: FADC measurement of individual bunch contri-
butions.

with a wire at the inner beam side, reflects the bunch fill-
ing scheme; al 180 filled bunches contribute very similar
and no interactions are coming out of the gaps between the
bunches. The second example, taken with a wire on the
outer beam side, indicates two problems:

BX-BX Variations: The individual bunches contribute
very different. Similar shapes of the distribution
are measured with wires from al sides. This indi-
cates that the problem is most likely correlated with
the emittance and/or the lifetime of the individual
bunches. The problem originates most likely during
the injection phase, caused eg. by dight timing
problemsin one of the preaccelerators or the transfer
to the next stage - and the protons preserve their
history. In lot of examples one observes a systematic
behavior which supports this explanation. HERA



is working on an improved timing and a feedback
system, which hopefully cures this problem.

Non Bunch Corréeated Interactions. Lot of interactions
are not correlated with filled bunches. Thisis mainly
observed on the outer beam side, no significant contri-
butions are measured on the inner side. The amount
of thisout of proper time contributionsvariesfrom fill
to fill. Within one fill these perturbing contributions
saturates at a fixed level, exceeding in worse cases
10 MHz.

The reason for thisnon bunch correlated interactionsis yet
not finally verified. Most-likdly it is correlated with the en-
ergy lossin the target and the dispersion in the target area.
The mean energy loss of a820 GeV proton (cp. Tab. 3) per
interaction length is around 400 MeV, avalue similar to the
maximum momentum tolerance of the HERA proton RF
system. Particles may crossthe stable seperatrix inthelon-
gitudina phase space and start to travel randomly along the
beam tube. The horizontal dispersion in the target region
shifts the orbit of theses particles by ~ 0.50 to the outer
side, explaining that the effect is mainly absorbed on the
outer side.

A simulationis under development to study thismorein
detail and to obtain a quantitative understanding, which is
until yet missing. But the expectations into the smulation
are limited, because as soon as additiona nonlinear effects
in the beam halo and interferences between the horizon-
tal and vertical phase space are getting important one ends
up with arather complex and challenging beam dynamics
study project. Therefore it’s quite important to investigate
the problem in some dedicated machine shiftsin 1998; ba-
sic studies are the altering of the RF voltage and the move-
ment either of the beam or of collimatorsat high dispersion
points.

6 CONCLUSIONS

The HERA- B target is studied and improved since several
years. Most of the fundamental problems like target effi-
ciency er, background and running efficiency are under-
stood and solved. On itsway to afull operational deviceit
operates very reliableand isalready now in nearly continu-
ous operations. Open problems and subjects of further im-
provement are fluctuations, rate stability and the non bunch
correlated interactions. As until now also further progress
requires a close cooperation and the support of the HERA
machine group. Thereisavery strong, but quitefruitful,,in-
terference and interaction with HERA; most problems can
only be solved in acombined effort.

The HERA-B target operates not only near beam, but
very close at the beam. Thereforeit isavery sensitive de-
vice for beam diagnostic and it opens a wide area to study
beam dynamicslikehal o population, diffusion, instabilities,
fluctuations etc.
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A Forward Proton Detector at DG

Andrew Brandt?
Fermi National Accelerator Laboratory, P.O. Box 500,
Batavia, IL 60510; brandta@fnal.gov

Abstract

The addition of a Forward Proton Detector (FPD) as anew
sub-detector of the D@ detector for Run |1 isdiscussed [1].
This paper describes the physics motivation for the FPD as
well asitslocation and performance.

1 PHYSICSMOTIVATION
1.1 Overview of Diffractive Physics

Quantum Chromo-Dynamics (QCD), the current theory for
strong interactions, has been very successful at describing
and predicting many areas of particle physics. Itssuccesses
are limited, however, to the perturbative regime where the
strong coupling constant is small. About 40% of the tota
pp Cross section at the Tevatron is composed of elastic and
diffractivescattering which are non-perturbativeand cannot
currently be calculated in QCD.

The properties of eastic and diffractive scattering are
well-described by the phenomenology of pomeron ex-
change (Regge theory), where the pomeron is a color sin-
glet with quantum numbers of the vacuum. The literature
on diffractive dissociation is extensive and a few review
articles are given in Ref. [2]. Regge theory predates the
guark-gluon model, and it is not clear how to combine it
with QCD. Definitions of the pomeron vary from atheoret-
ical definition: “the highest Regge trgjectory with quantum
numbers of the vacuum, responsible for the growth in the
hadronic cross section with /s ”, to an experimenta one:
“the thing that causes rapidity gaps’. Many experiments
have studied diffractive and eastic scattering at different
center-of -mass energies, but dueto the non-perturbativena
ture of the interactions, insight into the underlying process
has been limited. The exact nature of the pomeron (Is it
composed of quarks and gluons? Isit hard or soft? Isit the
same object as a function of momentum transfer?) remains
elusive, although recent theoretical ideas and experimental
results are beginning to yield some answers. Thisbringsus
to the rather new field of hard diffraction.

Ingelman and Schlein [3] proposed that the observation
of jets in diffractive events would probe the partonic na
ture of the exchanged object, whether it is the pomeron or
something else. Their paper introduced the field of hard
diffractive scattering, which refers to the subset of tradi-
tional diffractive interactions characterized by high trans-
verse momentum (pr) scattering. They assumed that the
pomeron can be treated as an object that existswithinapro-
ton, and that it is thus sensible to define aflux of pomerons
in the proton as well asa pomeron structure function. They
proposed a gluonic pomeron with either a hard structure,

1For the D@ Collaboration
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as would be derived from two gluons sharing the pomeron
momentum ~ 3(1 — 3), or asoft structure like the gluonic
structure of the proton ~ (1 — 3)°, where 3 isthe momen-
tum fraction of the partonwith respect to thepomeron. With
these assumptions they were able to make predictions for
diffractive jet production cross sections and properties.

Figure 1 shows the diagram for hard single diffraction
producing two jets, a scattered p, and a rapidity gap (ab-
sence of particlesin a certain region). This topology can
either be tagged using a small angle spectrometer to detect
and reconstruct the leading proton, or by the presence of a
rapidity gap.

The first experimenta results on this subject were pub-
lished by the UA8 Collaboration at CERN, and showed
the existence of jets in events with leading protons and
that these jets had rapidity and longitudina momentum
distributions consistent with a hard pomeron structure [4].
There was aso evidence for a“super-hard” or “coherent”
pomeron, where the entire momentum of the pomeron par-
ticipatesin the hard scattering.

el

pomeron

9 (Gap) -

el

Figure 1. The diagram for ahard single diffractive interac-
tionresultingin afinal state with a scattered  and two jets.
Then—¢ plot showsthedistributionof particlesinthisevent
including arapidity gap near the scattered p and the circles
which represent the two jets.

The study of hard diffractiveprocesses hasexpanded dra-
matically in recent yearsand includes diffractivejet produc-
tion at HERA and the Tevatron [5, 6, 7], diffractive W bo-
son production [8], and rapidity gaps between high trans-
verse energy jets [9, 10, 11, 12]. The available data sam-
ples, however, are generally statistically limited and do not
have information about the scattered protons. The addition
of large and preci se data samples obtainable with the aid of
the FPD will help to devel op amore coherent picture of the
pomeron.

1.2 Advantages of the FPD

Although rapidity gap studies can be used to gain somein-
sight into the nature of the pomeron, these studies can be
vastly improved through the addition of a Forward Proton
Detector (FPD). Tagging the forward proton removes the
ambiguity of a rapidity gap tag, which suffers from back-
ground due to low multiplicity non-diffractive events. The
rapidity gap tag aso does not give information on whether
the scattered proton remains intact or is excited into alow-
mass state, which could still yield arapidity gap.



By detecting the scattered proton, one can measure its
momentum (p) and thus derive two key variables x, =
P/Pbeam, thefractional longitudina momentum of the scat-
tered proton, and t = (Ppeam — p)?, the four-momentum
transfer to the proton. Rapidity gap techniques do not give
access to these two variables and thus | ose important infor-
mation about the diffractive process. The momentum frac-
tion of the pomeron (&) is simply related to the momen-
tum fraction of the protonby £ = 1 — x,. A measure-
ment of the proton momentum thus gives the diffractive
mass My through the equation My = /€ - /s, where
\/s isthecenter-of-mass energy. The |¢|-dependenceof sin-
gle diffraction has been measured to be do /d|t| ~ eI,
where b ~ 6 for inclusive single diffraction at /s = 1800
GeV [13]. The exact dope has a mild dependence on /s
and My, and has not been measured for hard diffractive
events.

The ability to obtain large data samples and divide the
data into mass hins facilitates the comparison of the data
with theory in theform of phenomenological Monte Carlos,
and allowsstudiesof thepomeron structurein the pomeron-
proton center-of -mass.

The use of a scattered proton as the diffractive tag aso
allowsthefull rapidity range of the detector to be exploited
to study the diffractive system. This would in turn alow
a search for the effects of the super-hard pomeron, which
is expected to frequently result in back-scattered jetsin the
rapidity interval normaly used to tag rapidity gaps. The
super-hard pomeronisof great theoretical interest[14], part
of which stemsfrom thefact that if the entire pomeron mo-
mentum participates in the hard scatter, thereis a dramatic
increase inthecross section for the diffractive production of
heavy objects, such as b quarks [15]. The cross section for
hard double pomeron exchange is a so enhanced by super-
hard pomeron exchange [16, 17].

Hard double pomeron exchange, in which both the in-
coming proton and anti-proton emit apomeron and the two
pomeronsinteract to produceamassive system, can bestud-
ied effectively using the FPD. With both arms instrumented
it would be possible to measure both the proton and anti-
proton usingthe FPD, and jetsusing thecentral cal orimeter.
At the Tevatron acentral system of about 100 GeV could be
produced.

Although much can be learned about the pomeron at
HERA, there are distinct advantages to studying hard
diffraction at the Tevatron. Diffractive systems with mass
greater than 450 GeV/c? can be produced at the Tevatron
compared to only 70 GeV/c? at HERA. Thisalowsfor the
production of high pr objects at the Tevatron (such as W
or Z bosons) aswell aslargejet cross sections. The super-
hard pomeron can best be studied at the Tevatron; at HERA
it can result only from ahigher twist diagram, which issup-
pressed. Double pomeron exchange cannot be studied at an
ep collider. Finally, oneof thekey resultswill stem fromthe
comparison of pomeron structurein ep and pp collisions. If
the pomeron behaves like a particle it should have consis-
tent structure independent of the nature of the probe (el ec-

tron or proton).

1.3 Physics Motivation Summary

The dramatically expanding field of hard diffraction has
been driven by experimenta results. More precise results
are needed to improve the understanding of the nature and
structure of the pomeron and distinguish between differ-
ent theoretical models. There isarich, timely program of
physics that can be accessed with the addition of the FPD
to the D@ experiment. Thisincludes

o Studies of pomeron structure using diffractivejet pro-
duction, including the dependence on £ and |¢|.

e Search for diffractive production of heavy objects and
combining different hard diffractive channel sto deter-
mine the quark and gluon content of the pomeron.

e Search for the super-hard pomeron.
o Studies of double pomeron exchange.

e Search for “new physics’ such asglueballs, centauros,
and Higgs bosons.

e Determination of pomeron universality in conjunction
with HERA results.

The understanding of strong interactions is incomplete
without inclusion of soft and hard diffractive processes.
TheTevatronistheidea collider to study thisphysicsdueto
the large center-of-mass energy available, and the addition
of the FPD will greatly augment the physics capabilities of
the DQ detector.

2 THE FPD LAYOUT AND ACCEPTANCE

The Forward Proton Detector i saseries of momentum spec-
trometers which make use of machine magnets aong with
points measured on the track of the scattered proton (or
anti-proton) to calculate its momentum and scattering an-
gle (9 ~ /t). The points are measured using detectors lo-
cated in Roman pots, which aretypically stainlesssteel pots
or containersthat allow the detectors to function outside of
the machine vacuum but close to the beam. Pearticles tra-
versethin steel windowsat the entranceand exit of each pot.
The potsare remotely controlled and can be moved closeto
the beam (within afew mm) during stable beam conditions
and retracted otherwise.

2.1 Dipole Spectrometer

Figure 2 shows the proposed location of the Roman pots
that will comprise the Forward Proton Detector, where A
refers to the outgoing anti-proton side, P the outgoing pro-
ton side, @ represents the low beta quadrupole magnets, D
the dipole magnets, and S the electrostatic separators. The
dipole spectrometer consists of two Roman pot detectors
(Ap1 and Apo) located after the bending dipoles about 57
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Figure 2: Placement of Roman pot detectors near the D@ interaction region. The horizontal scal e showsthe distance from
theinteraction pointin meters. Each of theindependent momentum spectrometers consists of two Roman pots (represented
by black rectangles) in combination with the machine magnets as described in the text.

meters downstream of the interaction point on the outgo-
ing p arm. The other Roman pots in the figure are com-
ponents of the quadrupole spectrometers discussed in the
next section. The dipole spectrometer pots are located in-
sidethe Tevatron ring in the horizontal planeto detect scat-
tered anti-protonsthat havelost afew percent of theoriginal
beam momentum. These are the equivalent positionsof the
CDF pots (E-876) [18] which were added at the end of Run
I. There are no known obstacles to implementing this por-
tion of the FPD as the optics are roughly the same at CDF
and D@, and there is space available at the equivalent loca
tion near D@. It is not possible to instrument the outgoing
proton side with a dipol e spectrometer without major mod-
ifications to the accel erator (not being considered).

A single dipole spectrometer with acceptance character-
isticssimilar to that of the Run | CDF spectrometer hastwo
principal limitations: hard double pomeron exchange can-
not be studied using p and p tagssince only thep armisin-
strumented, and the acceptance is restricted to a relatively
large £ region where the backgrounds from other processes
are large and hard to understand.

To remove these limitations, the FPD discussed in this
document is optimized to improve the acceptance and aso
includes quadrupol e spectrometers.

2.2 Quadrupole Spectrometers

There is currently no space near D@ for Roman pots other
than for dipole spectrometer pots Ap; and Ap,. Thein-
strumentation of both the outgoing proton and anti-proton
arms requires modifications to the machine lattice to create
space for the detectors. The proposal here involvesmoving
the three low beta quadrupoles on each side (Q4, Qs, and
Q2) about two-thirdsof ameter closer to theinteractionre-
gion, in order to create two one-third meter spaces for the
Roman pot stations. Roman potswould be located at either
end of the electrostatic separators, which would be moved
one-third of a meter closer to the interaction region. The
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area within the bypassis the only “warm” section of beam
pipein reasonabl e proximity to the D@ detector, and isthus
the obvious choice for the location of Roman pots.

Preliminary studies indicate that the quadrupoles can
be supported while maintaining or even reducing the cur-
rent deflection of the closest quadrupole without a major
redesign. This can be accomplished by reinforcing and
lengthening the shelf that extends from the main girder that
currently supports the quadrupoles. Preliminary studies of
the bypass modifications indicate that thisis a minor mod-
ification assuming that a sufficient vacuum is maintained.
Complete engineering studies are in progress.

The FPD thuswill consist of six Roman pot stations, the
aforementioned A p, which has two stations, plus four sta-
tionsthat use the quadrupol e magnetsto measure the proton
(Pg and Pg) or anti-proton (A¢ and Ag) trgjectory instead
of the dipole magnets.

An idea proton detector would be an annular detector
with full ¢ acceptance closeto the beam. Sinceitis neces-
sary to remove the detector during injection of the beam for
stability and radiation considerations, such adesignisim-
practical. The proposal maximizes the acceptance for pro-
tonsand anti-protonsby allowing potsin both the horizontal
and vertical planes.

With this design there are eight independent quadrupole
spectrometers, four on each side of the interaction region
(twoeach inthex and y directions). Thisgivesatotal of 18
pots, 2 dipole potsand 16 quadrupole pots. An example of
aquadrupol e spectrometer isthe P, spectrometer (first pro-
ton spectrometer) shown in Fig. 2, which has the pot P;¢
located after the Q> quadrupole about 23 m from the inter-
action point, and P; s located about 31 m from z = 0. A
proton deflected to the left of the beam axis would be de-
tected in this spectrometer while a proton scattered to the
right would be detected in the P, spectrometer in pots Pag
and P,g. Therewould aso be P; and P, spectrometers (not
shown in Fig. 2 for simplicity) for protons scettered above
and below the beamline. Analogous spectrometers are lo-



cated on the anti-proton side.

2.3 Tracking Studies

To study the acceptance of the spectrometers, we used a
tracking program provided by the Beams Division [19].
This program tracks particles through each element of the
lattice, using the measured lengths and magnetic fields of
the elements. The Run Il beam energy of 1 TeV was as-
sumed in the lattice calculations, and a modified version
of the dispersion-freelatticetaking into account the moved
quadrupoleswas used [20].

The acceptance is critically dependent on the distance
of the detector from the beam axis, which depends on the
beam width (¢). Table 1, which isextracted from adetailed
study of the background from accel erator losses[21], shows
the 80 beam widths at the proposed Roman pot locations
(dipolepotsare only useful inthe horizonta plane). Roman
pots placed a 8¢ from the beam could detect scattered p's
and p'swith displacementslarger than than this. A compar-
ison of the @ and S rows of thetablefor p'sand p’'sreveals
that for thislatticethe horizontal planefor protonsisequiv-
alent to the vertical planefor p’sand vice versa.

| Roman Pot Station || 80, (mm) | 80, (mm) |

Ap) 5.64 -
Aps 5.01 -
Aq 145 6.77
Ag 131 461
Po 6.78 14.4
P 4,66 130

Table 1: 8¢ positionsat the Roman pot locations.

The tracking program is used to map out the acceptance
in|t|and ¢. For atrack to be accepted, it must remain within
the beam pipe (inner radius of 35 mm) and within the sepa-
rator aperture (25 mm). It must also pass through the active
area of the detector in both pots, which is assumed to cover
Tmin < T < Tmin +20mmand —10 < y < 10 mm for
horizontal pots (x and y are interchanged for vertical pots).
The Zmin (Ymin) Values are obtained from the 80, (80,)
columnin Table 1.

The acceptance is maximized by minimizing thedistance
between the detectors and the beam axis. This distance is
limited primarily by the halo rates which increase as the
pots are inserted closer to the beam. Using an initia inten-
sity of 10'3 protonsper bunch, we have determined that the
beam halo rates for an 8o pot location are on the order of
10° protons/second in the quadrupole pots [21], and a fac-
tor of two higher in the dipolepots. The halo rates decrease
by about afactor of threeat 9o and sharply decrease further
with larger pot displacements. There is some dependence
on the assumptions and exact collimation scheme, which
has not been tuned to minimizetheratesat the pot positions.
The red rates will have to be measured and the exact pot
displacements will then be determined. The current studies
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indicate that a reasonable pot location is between 8 and 9o
for quadrupole pots and 100 for dipole pots.

2.3.1 Spectrometer Acceptance

A proton is considered to be accepted by the spectrome-
ter if it passes through the active area of both detectors
while remaining within the limiting aperture of the beam
pipe throughout its entire trgjectory. The acceptance is de-
termined as a function of theinitia conditions of the anti-
proton (¢, |¢|, and £). The geometric (¢) acceptance of the
(a) quadrupol e spectrometers at 80 (b) dipole spectrometer
at 100 isshowninbinsof € and |¢| inFig. 3. Thesizeof the
boxes are proportional to the geometric acceptance with the
larger boxes representing larger acceptance. A quadrupole
spectrometer requiresaminimumangleor |¢| to accept scat-
tered protons, while a dipole spectrometer requires a min-
imum momentum loss, resulting in the different behavior
observed in the two parts of the figure. For the quadrupole
casethereisnoacceptance for |t| < 0.5 GeV?2, but theinter-
mediate and high |¢| geometric acceptance are quite good,
while for the dipol e case the acceptance is especially good
for 0 < |t| < 0.5 GeV? and high ¢ (¢ > 0.02).
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Figure 3: The geometric acceptance in binsof £ and |¢| for
(a) the quadrupole spectrometers (p or p) a 8o displace
ments (b) the dipol e spectrometer (p only) a 100 displace-
ments. Theacceptance ineach binisproportiona tothesize
of the box, with the largest box representing 83(100)% ac-
ceptance for the quadrupol e (dipole) spectrometers.

We calculate the total acceptance by integrating over the
¢ and |t| values accepted by the pots. The |¢| dependence
is included using the relaion do/dt ~ e~*I!l, where b =
4.2 — 0.5In(&) from Ref. [13]. This expressionisvaid for
single diffractive and most likely double pomeron events,
but for elastic events b =~ 17 [22]. The total acceptance is
dominated by the |¢| acceptance, sincethecrosssectionfalls
so steeply with |¢|. For the quadrupole case, the total ac-
ceptance haslittle& dependenceand is stable at about 1.4%,



whereas the di pol e acceptance ranges from a coupl e percent
at & near zero to 35% at an intermediate ¢ = 0.02 and 96%
a & =0.05.

The situation for the D@ dipole spectrometer will be
much improved over the Run | CDF case which had little
acceptance for &€ < 0.05. The Roman pot design under con-
sideration, discussed in Sec. 3.1, shouldresultinadead area
on the order of 100 um, instead of afew millimeters. The
separation of the beams is more advantageous at the D& | o-
cation, with the p beam located 0.3 mm closer to the pots
than the proton beam [23]. We will be preparing for along
runand will have adequate timeto study thehalo ratesinor-
der to minimizethe pot displacement. The long running pe-
riodwill allow usto obtainlarge datasamplesevenif theac-
ceptance were significantly less than 1%. We consequently
expect to have acceptance to £ near zero.

Thetotal acceptance in general does not depend strongly
on the width of the active area of the detector, as the bulk
of the acceptance isin the center of the detector. Doubling
the width from 2 to 4 cm only increases the overall accep-
tance by afew percent of itsnomina vaue, sincethisonly
improves the acceptance for very rare high |¢| events, and
decreasing thewidth from 2 to 1.5 cm a so has little effect.

Asmentioned earlier, thetota acceptance is quite sensi-
tiveto pot position, decreasing by about afactor of threefor
each additional o unit. The acceptance is also sensitiveto
thefina details of the lattice (which could affect the accep-
tance by roughly afactor of twoin either direction), and the
emittance (which would affect the acceptance if it is much
smaller or larger than the expected value).

We have also studied the issue of beam crossing angles,
which may be needed in the case of 132 nsec running to
avoid parasitic collisions [24]. The addition of a crossing
angle does not dramatically affect the acceptance. It results
in a slight improvement for the dipole pots by moving the
proton beam further away from the pots. For the quadru-
pole pots, the acceptance isimproved for some spectrom-
eters and degraded for others with an overall effect of less
than a factor of two. The addition of a crossing angle, -
though not desirable from complexity and symmetry argu-
ments, does not significantly affect the overall acceptance
and does not compromise the goa's of the FPD.

2.3.2 Resolution

The transport matrix obtained from the tracking program
can be used to derivetheresol ution expected from the spec-
trometers. The positionresol ution depends on the point res-
olution of the detector and multiple scattering, which are
estimated to be about 0.1 mm and 0.04 mm, respectively,
for the detector discussed in Sec. 3.2. It is aso sensitive
to the uncertainty in the beam position at the pot locations.
The average beam position can be measured very well us-
ing elastic events, and deviations from this position are ex-
pected to beabout 0.1 mm[21]. Addingtheseresolutionsin
quadrature gives a position uncertainty of about 0.15 mm.
Thisyields estimated resolutions of §¢ = 0.0012 and 6t =
0.018v/%. In practice, the |¢| resolution is dominated by
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the 0.06 mrad angular dispersion of the beam, which cor-
respondsto ot = 0.12+/%.

24  Acceptance Summary

Tracking studies show that with reasonable assumptions
about Run |1 conditions, the Forward Proton Detector will
have quite good acceptance for detecting scattered protons
and anti-protons. The dipolespectrometer has excellent ac-
ceptance for anti-protons, especialy at low |¢| and high &.
The addition of quadrupole spectrometers allows the tag-
ging of protons, and thusdoubl e pomeron and el astic events
(which are crucia for aignment and calibration), as well
as generally improving theintermediate and high |¢| accep-
tance. Our design with spectrometers in both the horizon-
tal and vertical planes makes this acceptance very robust,
and insul ates us against accel erator uncertainties. Although
the p quadrupole pots have inferior total acceptance to the
dipole pots, they improve the |t| coverage, are crucia for
elagtics and halo rgjection, and will alow the cdibration of
the dipol e spectrometer.

3 DETECTORS

3.1 Roman Pots

Figure 4 shows a sketch of thefront view and the side view
of a Roman pot. Each pot isa small steel box that com-
pletely encases the scintillation fiber detector (described in
the next section) and keepsit i sol ated fromthe machine vac-
uum, athoughthe potitself remai nsinsidethemachine vac-
uum. The dimensions are labelled on the figure and show
that the pot is very compact, with a length of only 3.8 cm
along the beamline, aheight of 13 cm, and awidth of 7 cm.
The width and height are determined by the bending radius
of the fibers. The pot will be fully retracted in a bay area
for beam injection, and can be moved into the beam pipe at
aposition closetothe beam for normal running. A small di-
ameter bellowssurroundsthe cylindrical chimney and sup-
ports the structure. The chimney is used to route the fibers
to the phototubes.

The Roman pot is composed of 2 mm thick steel except
for a thin window which brackets the active area of the de-
tector traversed by the scattered protons. The window is
composed of a 50 pm stainless sted foil in order to re-
duce multiple scattering. Once the detector is placed inside
the box, astedl lid with acylindrical chimney iswelded to
the top of the box. A low viscosity epoxy will be injected
through the chimney in order to fill the remaining space on
either side of the detectors, thus creating a solid one-piece
detector. Thebox design producesthe smallest possiblepot,
reducing the space needed in the beam pipe region. This
allow usto have potsin both the 2 and y planesin order to
maximize the acceptance. Another advantage of thisdesign
isamuch lower cost rel ativeto standard Roman pot designs
which are at atmospheric pressure on oneside, and requirea
pressure compensation system to combat the forces caused
by theimbalancein pressure between theinsideand outside
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Figure 4: A front and side view of the Roman pot and detector described in the text.

of the pot. Our design also only requires a small diameter
bellows and a small range of motion.

A stepping motor drivesacam system that moves the pot
along the direction of the chimney axis. A system of bear-
ings keeps the box movement from deviating from the di-
rection perpendicular to thebeam line. The positionsensing
system is based on two high precision linear potentiome-
ters (LVDT's), one performing the primary position mea-
surement and the second providing redundancy. Thewhole
positioning system will be capabl e of adisplacement preci-
sion of better than 25 um.

3.2 Detectors

Each Roman pot contains a small scintillator for trigger-
ing and timing and a six-plane scintillating fiber detector,
which is used to determine the (x, y) coordinate of the de-
flected proton at the pot position. The detector iscomprised
of stacked ribbonsof four fibers oriented such that the scat-
tered proton (or anti-proton) would pass through all four
fibers to maximize the light output. The stacked ribbons
have a one-third ribbon width spacing.

Theuse of 0.8 x 0.8 mm sgquare scintillating fiberswould
allow a theoretica resolution of about 80 um. The esti-
mated radiation dose of the detector is 0.03 Mrad per year
of norma running. A full hit by the proton beam corre-
sponds to 0.3 Mrad, or ten years of normal run. Studies
have shown that a1 Mrad dosereduces thefiber attenuation
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lengthto 40% of itsorigina value[25]. However, duetothe
short length of our fibers (2 cm) thereductionin attenuation
length is not important even with several beam accidents.

3.21 Fiber Readout and Trigger

The scintillating fibers are connected to clear fibersthat are
bundled together in groups of four and connected to one
channel of a multi-anode photomultiplier tube (MAPMT).
Four fibers per channel will give about 10 photoel ectrons
and fit comfortably within the pixel size of the MAPMT,
which has good gain uniformity among its 16 anodes with
negligiblecross-talk. Therewill be 112 channels per pot, so
seven 16 channd tubes will be required for each pot.

The MAPMT's can be read out by a standard Central
Fiber Tracker (CFT) trigger board, with one trigger board
required for each of the nine spectrometers. The total num-
ber of channels needed per spectrometer is 224 which is
well below the trigger board limit of 512 channels. The
signasfromthe MAPMT will be passed through the exist-
ing front-end chip, modulo the minor modifications to the
components necessitated by the exact signal sizeand shape.
These boardswere designed to allow for different input sig-
nals since they are being used by the centra and forward
preshower detectors in addition to the central fiber tracker,
thus the modification of these components will not be dif-
ficult or costly. The front-end chip outputs signals to the
SVX-II chip [26] for digitization. The SVX-II chip will



then storethe information from the fiber hitsin the standard
event datablock. Thefront-endchip also outputsaTTL sig-
nal for useinthetrigger logic.

The Level 1 (hardware) trigger logic is formed in gate
array chips which combine the hit fiber information along
withatable-lookupincorporatingthetransport matrix equa-
tionsto givethe ¢ and |¢| of thetrack. A preliminary study
of thetracking equationsindicates that about 500 equations
will be necessary to specify atypica ¢ and |t| range, well
below the 8000 equations available on the trigger board.
The total time required for the FPD Level 1 decision is
about 800 nsec, 400 nsec for protontransit and return of the
signal to the D@ region and another 400 nsec for the trig-
ger logicand transit to the Level 1 framework. Thisiswell
withinthe4.2 usec timeallowed for aLevel 1decision. The
Level 1 framework will automatically synchronizethe FPD
decision with al other Level 1 decisions, so timingwill not
be a problem.

The nine CFT trigger cards will transmit their trigger de-
cisionsto the FPD trigger manager. The manager will com-
bine these independent trigger decisions into L1 “and/or”
termsfor theL1 Framework. The FPD trigger manager will
behousedinasinglecrate. Thiscratewill be asmaller ver-
sion of the CFT and Muon L 1 trigger managers and will not
require additional design or engineering. This readout sys-
tem has the great advantage of using existing DG trigger
boards such that the data storage and triggering are com-
pletely DG standard.

Other detector options, such as silicon or gas microstrip
detectors, suffer from dead aress at the bottom of the de-
tector and difficultiesintriggering at Level 1 and would re-
quire significant development. In conclusion, we have not
been able to identify a cheaper, more reliable option than a
scintillating fiber detector readout with multi-channel pho-
totubes.

4 DATA TAKING

4.1 Data Taking Strategy

The FPD is designed to be a sub-detector of D@ and will
be well-integrated into the D@ trigger framework. Due to
the relatively small number of channels (about 2000 com-
pared to hundreds of thousandsfor other sub-detectors), this
detector will have a negligible effect on the event size. It
should be read out on every event since any standard type
of physics process below mass threshold can be produced
diffractively.

It will also be necessary to have afew dedicated triggers
which demand tracks at the trigger level. Dedicated trig-
gers will be required for diffractive jet production, double
pomeron exchange, and elastic scattering.

To minimize the bandwidth for these dedicated trig-
gers, the capability tocut on £ a Leve 1 isessentia (See
Sec. 3.2.1). Thisallowsthedifferent triggersto only accept
tracks in the kinematic range of interest. In addition to the
requirement of ap or p (and in some cases jets), the dedi-
cated triggers must include elements to reject multiplein-
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teraction and hal o backgrounds.

4.2 Fake Background

A serious concern about triggering on hard diffraction is
thefrequency of multiplepp interactionsin the same bunch
crossing. The superposition of alow mass diffractive event
with a hard scattering event is an important background
since this combination can fake a hard diffractive signd.
Fortunately, thisbackgroundisdominated by very low mass
diffraction which could not produce jets and can easily be
rejected at Level 1 by acut such as¢ > 0.004. In addition
a single interaction requirement can be imposed at Level
1 using timing information from the Level & detector (an
array of scintiallatorslocated between the central and end-
cap cdorimeters). The Level 1 background rates will be
small and comparabletothesigna rates (few HZ). At Level
3 (software trigger) or offline, this background can be re-
duced to near zero using a single interaction agorithm or
tool, which can use thesiliconinformationto demand asin-
gle vertex, compare the event time from the trigger scintil-
lators and from Level &, and demand conservation of lon-
gitudina momentum.

A detailed study of the overlap of ahal o event withahard
scattering event indicates that thisbackground will aso not
be aproblem, due to the ¢ cut which eliminates most of the
halo, and the multipleinteraction cuts.

4.3 Accelerator Background at D@

With no Roman pots, the accel erator-induced backgroundis
expected to beat most afew percent of thebackground from
pp interactions. The D@ sub-detector most sensitive to ac-
celerator related backgroundistheforward muon spectrom-
eter. Studies have been performed to quantify the increase
in background dueto the Roman pots compared to the base-
line case with no pots.

A contribution to background rates of beam halo inter-
actions with the potsis cal culated assuming an intensity of
10'3 protonsper bunch and 10*2 anti-protonsper bunch and
aluminosity of 1 - 1032 cm~2s~! (asin the halo studies).
The hal o protons scattered by the pots and secondary parti-
cles generated in inelastic nucl ear interactionswith the pots
and accelerator components are then passed through de-
tailed simulationswith the MARS code. These simulations
combine the magnetic fields and the pot, separator, quadru-
pole, dipole, tunnel, shielding, and D@ forward muon spec-
trometer geometry, yielding a three dimensional distribu-
tion of particlesentering the DJ sub-detectors. Theratio of
thenumber of hitsfrom accelerator backgroundinthemuon
chambers (located at 6, 8, and 10 meters from the interac-
tion point) with and without Roman potsisthen determined.
Thisratio is about 4.5 for 80 pot positions and 1.5 for 9o
pot positions, implying atotal increase in background rates
of a most 15% for 80 and a few percent for 9o. The ef-
fect of asmall increase in the background ratesto the muon
system should be minor. Detailed simulations of the back-
groundsto thesilicon detector show that these are d so neg-



ligiblecompared to theinteraction rel ated background. The
conclusion from the background studies is consistent with
that of the halo studies: the pots can likely be positioned
between 8 and 9o. The actua running position will clearly
have to be determined experimentally.

4.4 Data Taking Summary

The addition of the FPD will have little impact on back-
groundsat D@ or the overdl trigger rates, at most at thefew
percent level. Many handles exist to rgject backgroundsto
hard diffraction, and withearly dataan optimizedtrigger list
can beformed. Large datasamples can be obtained with lit-
tle background, and will alow us to study the full physics
menu discussed earlier.

5 CONCLUSIONS

For the next ten yearsthe Tevatron offersthe best possihility
to understand pomeron exchange and thetransition between
non-perturbativeand perturbative QCD. The additionof the
FPD would greetly increase the physics reach of the hard
diffractive physics program with no negative impact on the
current D@ physics program. The measurements of jetsand
particleswill be donewith theupgraded D@ detector, which
will be very well suited to this purpose. The FPD will be
used to ensure that large diffractive data samples are ob-
tained and that they can be divided into £ and |¢| bins. It
will alow accurate determination of pomeron structure and
hard diffractive cross sections, permitting usto greatly ex-
pand the knowledge of the field of hard diffraction.
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Hard Diffraction in CDF

Michael G. Albrow
Fermi National Accelerator Laboratory, P.O. Box 500,
Batavia, IL 60510

Abstract

Although QCD describeswell stronginteractionsinvolving
large momentum transfers (hard collisions) thereisa subset
which is not understood, namely color singlet exchange or
pomeron exchange. We have been studying this using de-
tectors very close to the beams (in “roman pots’) to tag the
pomeron.

1 INTRODUCTION

If one measures the momentum, p, spectrum of small an-
gle (anti-)protons a the Tevatron, dividing p by the beam
momentum to get the fractional quantity called Feynman-
x, rp, thedistributionhas apeak at z» = 1.0 dueto dastic
scattering. However inelastic collisions, which by defini-
tion have more particles than just p + p in the fina dtate,
show a distribution peaking up from a flattish distribution
extending to about xx = 0.95 to two orders of magnitude
higher by z very closeto 1.0. For example distributions
see Figs 13(a) and 14(a) of Ref. [1] These data were taken
in an earlier manifestation of roman pot detectors in CDF.
This inelastic peak is attributed to Single Diffractive Exci-
tation, SDE, in which one of the beam particles has been
diffractively dissociated (or excited to amassive state, mass
M) which breaks up to hadrons. Current thinkingisthat at
the high energies of the Tevatron elastic scattering is medi-
ated by the exchange of an entity called the pomeron. At
low energies the exchange of virtual mesonssuchas, pis
important but these die away as the center of mass energy
/s increases. We do not know whether it makes sense to
consider the pomeron as having awell-defined structurein
termsof quarksand gluons(likeall real strongly interacting
particles) but it is a good working hypothesis. In the early
days of QCD F.Low suggested that it is mainly two gluons
inacolorlessstate (asinglegluonisaways colored and ex-
changing it could not |eave the proton intact).

Single Diffractive Excitation can then be viewed as due
to the emission of apomeron from the p (e.g.) followed by
it interacting with the p. The pomeron carries amomentum
fraction¢ =1- 2 of thep andthen M = /£./s. Another at-
tribute of the pomeron isits 4-momentum-transfer-squared
t, which is always negative and is eguivaent to its mass-
squared. If weknow the (vector) momentum of theincident
and outgoing p the pomeron is tagged, and we know its ¢
and £. We can then do a Lorenz transformation to the c.m.
frame of the pomeron-proton “ collision” and study thefinal
hadronic state.

If the pomeron consists of quark and/or gluon con-
stituents they can undergo hard scattering on the ¢/g of
the proton and make high-Er jets. These were first ob-
served by UAS8 [2] at the CERN SppS Collider. By mea
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suring the jets, and knowing the structure function of the
proton (the ¢ and g distributions in terms of Bjorken-z =
Dparton/Dproton) WE CaN Measure the structure functions of
the pomeron (interms of 5 = pparton/Ppomeron). Actudly,
just by measuring jets we get some combination of ¢ and
g structure functions. Measuring another process such as
Drell-Yan lepton pairs from ¢g annihilation, W or heavy
flavor production will help separate these. A most impor-
tant questioniswhether the pomeron structurefunctionthus
obtained agrees with that found by probing it with virtua
photonsat HERA. These coupledirectly only to the charged
q and g in the pomeron. Even if the“soft” pomeron at very
low @2, the 4-momentum squared of the probing photon,
were purely gluonssome ¢ and ¢ would be present by “evo-
[ution” (eg. g — qq) inthe HERA measurements. Agree-
ment (or not) between Tevatron and HERA measurements
will tell us whether this quasi-particle paradigm is making
sense; how far can we pushit? Theorists, if they think about
thesethingsat all, usually consider the pomeron to be much
more complicated. But progress has been very slow. We
take an experimental approach. What isthe (Q2, 3) depen-
dence of the ¢ and g densities? Arethey dependent on |¢|?
Oron¢?

Single diffractive collisions producing dijets have an an-
tiproton (the CDF Run Ic pots were on the downstream p
side) near the beam rapidity (ypeam = Iny/s/m, = 7.5)
and then arapidity gap, i.e. no particlesin an angular re-
gion from about 7,42 10 Ypeamn. Here pseudorapidity n
= -In.tan? and N, = -Iné. A rapidity gap of 3 units
corresponds to £ = 0.05 or xr = 0.95. Thisistheregion
where diffraction (i.e. pomeron exchange) becomes domi-
nant. For smaller gaps or smaller xr other exchanges (vir-
tua 7, p) become increasingly important. This “boundary”
corresponds to an excited mass (the v/$ of the pomeron-
proton collision) which was 14 GeV at the ISR (/s = 63
GeV), 140 GeV at the SppS (/s = 630 GeV), and 400
GeV é the Tevatron. Here we can redlly get into therealm
of hard collisions, probing very small distances where the
notion of partons makes most sense. Because of the higher
energy compared to the SppS we have much larger rates
for jets and can go to higher jet transverse energies Er.
There is dso more rapidity available (which is better for
gap physics). All inal the Tevatron is much better than the
SppS (aswell asthefact that it till exists!).

One of themost sensitive variablesto the pomeron struc-
tureistherapidity distributionof the produced high Er jets.
For illustration, supposethat the 3 distributionis either soft
withlow-4 favored, (1—/3)3, hard with medium ;3 favored,
B(1-7), or superhardwith 5 = 1. Fig. 1 showsthe pseudo-
rapidity distributionsof jetsin these casesfor two M bands.
Tagging of the pomeron isneeded to measure thediffractive
mass M, or equivalently its boost.

However even without detecting the forward antiproton
one can use the presence of rapidity gaps to see diffractive
dijet signals and constrain pomeron structure. We had a
trigger in CDF which required two jets, both forward (6 <
20°,n > 1.8, Ep > 20 GeV). We then looked on the
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Figure 1. Rapidity distributions of diffractively produced
jets for soft, hard and superhard parton/pomeron distribu-
tions.

other side, where arapidity gap might be, at the number of
caorimeter towers (2.4 < n < 4.2) with ahit and the num-
ber of “Beam Beam Counters’ (3.2 < n < 5.9) with ahit.
Plotting these against each other, Fig. 2, one sees a special
class of about 1% of the events with no hits in either de-
tector, i.e. arapidity gap of 3.5 units, with a modest back-
ground which can be estimated from the rest of the distri-
bution.
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Figure2: Multiplicity of hitsin forward cal orimeter towers
vs. BBC hit multiplicity distribution, rapidity hemisphere
oppositetwo jets. Diffractive signal showsin bin (0,0).

This study findsthat the fraction of jets (in the kinematic
region defined above) which are diffractively produced is
[0.75 £+ 0.10]%; the jets have a similar E distribution.
Diffractive events have fewer third jets and the two leading
jets are better balanced than in non-diffractive events.

2 ROMAN POTSIN CDF: ROUND 2,DEC
1995-FEB 1996

In diffractive collisions the elastic or “quasi-lastic” scat-
tered antiproton stays inside the beam pipe for tens of me-
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ters. The longitudina momentum is either pyeq., (lastic)
Or Zr.Pyeam (SDE). The transverse momentum pr is ap-
proximately \/—t where |t| has a very steeply faling dis-
tribution: e’*. The slope b is about 17 GeV 2 for dastic
scattering and about 7 GeV —2 for diffractive scattering (al -
though thelatter dependson M). So nearly dl diffractively
scattered particles have angles less than 1 mr. To detect
them, and to get to small |¢| to get alarge part of the cross
section, theusua procedureisto use vacuum chamber pots
contai ning detectorsin the atmosphere which can be moved
very close (8¢ or 100) tothe circulating beams at the begin-
ning of arun. These are usudly called “Roman Pots’ after
the CERN-Rome group at the | SR which first used theidea.
(Sometimes we call our Run Ic pots“Tokyo Pots’ because
our Japanese collaborators made them.) These potshaveto
be placed where the machineiswarm. Possibilitiesfor CDF
on the outgoing antiproton side are:

o Infront of thefirst quadrupole Q4 (about 7 m). No mo-
mentum information and acceptance only for large |¢|.

e Before and/or behind the (warm) electrostatic separa-
tors between Q2 and Q1. Thereislittle space for pots here
with the existing machine configuration, although it is not
excluded that avery compact detector could beinserted and
in CDF we are presently looking at this possibility. D@ has
proposed [3] to move quadrupoles and expand the warm
space at theentrance and exit of the es-separatorsto put sets
of pots, 4 at each location. The acceptance of such detectors
goes dl theway to ¢ =0 but islimited to |¢t| > 0.5 GeV?
or so depending on beam conditions. A good festure of de-
tectors in this location is that they can be placed on both
beams, while there is only room for the dipole spectrome-
ter discussed below on the antiproton side (the machine is
asymmetric).

o Between the third and fourth dipoles (A48-3 and A47-
5), about 56 m from BJ thereisawarm space of nearly 3m.
The quasielastically scattered particles are bent more than
the el astic/beam particles and one can get essentially 100%
acceptance for them (even at zero |¢|, if £ > 0.05) by plac-
ing detectorsontheinside of thering inthehorizonta plane.
The acceptance doesextend to £ = 0 (low mass SDE or elas-
tics) for |t| valueslikethat of the quadrupolespectrometers.
However theratesarelow because, apart from the cross sec-
tionsbeing small the azimuth (¢) acceptance isreduced by
having asingledetector ontheinsideof thering. Itisinthis
short straight section that a group of us proposed [4] to put
a set of three potswith detectors separated by about 1 m. It
was proposed to the PAC in February 1995, still “subject to
the approva of the CDF Collaboration”, and the pots were
installed in the Tevatron the following September for com-
missioningin November, just in timeto get some good data
before the end of Run | in February.

There were threeidentical pots, shownin Fig. 3.

Each has atrigger scintillator 21 mm x 21 mm x 6 mm
read out by a H3171 PMT. Bundles of sguare (0.8 mm x
0.8 mm) SCSF81 scintillating fibers in = and y directions
gave these co-ordinates with about 120 pm precision. The
arrangement (see Fig. 4 was to have ribbons of 4-fibersin



- Vacuum chamber (19.7cm @)
Top View

X - X detector
Trigger scintillater - Y detector
N\
AN ‘ o A\ %
Recoil Pbar h —Pipe Center
- /i A\
\ ]
s
VLS
14.8cm Diameter Vessel ol // Fiber
Bundle \ Bellows
E—
W 80ch
[| mcPmT
Trigger PMT
LC, ToDiscs.
Side View
0.4mm steel wall

Figure 3: Top and side (particle's eye) views of one (of
three) pot detectorsin CDF for Run|c.

line (to get plenty of signal) which wouldgoto asinglepixel
of aH5828 Multi-anode PMT.

‘The ribbons of the SCSF81 fibers.
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Figure4: Arrangement of scintillatingfibersin apot detec-
tor.

Two staggered layers of these ribbons defined bins of
width 800/3 = 267 um depending on whether one or two
ribbons were hit. Precision aluminum fiber holders posi-
tioned the fibers to about 20 xm. The distance between the
active edge of thishodoscopeand thevacuum sideof the0.5
mm stainless stedl pot wall was 1.48 mm. After the beams
had been made stable and cleaned, the pots were were in-
dividualy moved in with their positionsread out by LVDT
devices. The alignment was at the level of 25 ym. It was
found that the pots could be moved in to adistance of about
10 mm from the center of the p-beam, which was (unfor-
tunately) the nearer of the two beams, without causing any
observeable extra backgrounds in the CDF and D@ detec-
torsand with areasonablerate in the potsthemsel ves (mea-
sured by S1.52.53 concidences). Our philosophy was to
(a) not ask for any specia beam conditions (b) be able to
keep the potsin for all CDF datataking. Getting as