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PREFACE

The last three days of the second ELFE workshop on confinement physics were
devoted to the results of the work done during the past year on the update and im-
provement of the physics case, the feasibility of the ELFE at DESY project (which
combines the HERA ring used as a stretcher and a low duty factor 25 GeV electron
linac which could be either a section of the TESLA collider or the injector of the fore-
seen short wave length free electron laser) as well as the development of the detectors.

Here are the proceedings of the parallel sessions devoted to this review.

The Editors.
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Radiative energy loss of jets
in hot/cold nuclear matter

Stephane PEIGNE

LPTHE, Universite Paris-Sud, Bdtiment 211, F-91405 Orsay, France

Abstract

The radiative energy loss encountered by a high energy quark or gluon prop-
agating in a nuclear medium is estimated. Under reasonable assumptions it is
found to be larger by at least an order of magnitude in hot compared to cold
matter.

1 Introduction

Jets are a very important tool to study the dynamics of ultrarelativistic heavy ion
collisions. Consider a central collision between two large nuclei which creates some
dense or hot medium of transverse size L ~ 10 fm. In such a collision, hard partonic
interactions between the high energy nuclei may occur, thus producing outgoing ener-
getic partons in the mid-rapidity region. These partons of energy E have to travel a
distance typically on the order of L in the medium, loosing through induced radiation
some energy AE on the way. At high energies, hadronization takes place outside the
medium, and the cross section for jet production depends on the radiative energy loss
AE.

The hope is that measuring AE gives information on the hot/dense medium com-
pared to measurements in cold nuclear matter. ELFE offers the opportunity to study
jet energy loss in cold matter, an interesting issue in itself. Such measurements are
necessary as a basis for future analysis of jets in heavy-ion collisions, where quantitative
agreement with theoretical predictions might signal the quark gluon plasma (QGP).

The theoretical issue we shall discuss is to predict the form of AE as a function of
E and L, in cold versus hot matter.

- We first present in a heuristic way (section 2) some crucial features of soft gluon
radiation off an energetic quark undergoing multiple scattering in the medium. The
induced energy loss of the quark depends quadratically on the distance L, AE oc L2,
for both hot and cold media.



- Then we summarize theoretical results obtained in [1-3] which allows us to finally
give some contrasted quantitative estimates of AE for hot and cold matter (section 3).

The phenomenological and experimental issue is to extract AE from the analysis of
jet spectra, e.g. by measuring for a given jet the leading hadron p± spectrum, the idea
being that this allows measuring the energy lost by the most energetic parton, getting
rid of the contamination of soft emitted gluons.

Our aim here is to give general simple ideas. All technical details of the derivation
may be found in [1-3].

2 LPM effect in QCD and energy loss

In order to calculate in a systematic way the quark induced energy loss, we choose
a simple model for multiple scattering, namely the Gyulassy-Wang model [4] for hot
matter, and the Glauber model [5] for cold nuclear matter. In both cases scattering
centres are static and successive scatterings assumed to be independent.

When squaring the soft gluon radiation amplitude induced by multiple scattering
off a quark of energy E in order to obtain the gluon energy spectrum, one encounters
crucial interference terms between emission amplitudes induced by distant scattering
static centres, numbered i and j , at positions £j and Xj :

I i *
1111

Scattering centres are denoted by crosses, and separated by an average distance A , the
mean free path of the quark (A < I ) . We show in [1,2] that the diagrams involving
"quark rescattering" are suppressed in the large Nc limit, so that "gluon rescattering"
is dominant.

In deriving heuristically the form of the energy spectrum, the crucial quantity is
the phase difference 8<p between the two amplitudes, which reads, in the E —> oo limit,

u2

) ~ u(j-i)\— , (2.1)

where t,- is the interaction time associated with centre i and u is the gluon angle
with respect to the quark direction, assumed to be small. It is also legitimate to
assume that the radiated gluon undergoes a nearly random walk, thus u behaves as



u2 ~ (j — z')(/i/o?)2, where fi is the typical transverse momentum transfer in a single
scattering. We arrive at :

— i\2

rich
With nco/l = , / - — . (2.2)

V V
When the separation (large compared to 1) between centres is still small compared
to the coherence number ncoh, 8<p < 1, i.e. amplitudes, or centres, are coherent. A
group of ncoh centres acts effectively as one radiator. The radiation spectrum is thus
the Bethe-Heitler spectrum (induced by a single radiator, proportional to as) times
the number of radiators :

du ncoh\ duJBH dudz v Aw

This behaviour generalizes the Landau-Pomeranchuk-Migdal effect [6,7], known in
QED, to QCD. The region of validity of (2.3) is defined by

£2 2
1 < ncoh < L/X <£> uBH ~ Xfx2 < u < ujfact — . (2.4)

We work in the limit E ^> w/ac<, so that we consider the case of a finite length L <C

f~\W
Lcr = J——. The quark energy loss is obtained by integrating (2.3) up to u> = ujfact,

V V-
AE~as^-L2 = as(pl(L))L, (2.5)

defining the quantity {p\{L)) = JJ,2L/X which is the mean transverse momentum
squared after L/X collisions.

3 Theoretical results and estimates of the energy
loss

The crucial quantity is the probability density V(Q2), f d2QV(Q2) = 1, for the en-
ergetic parton to undergo a single scattering with momentum transfer Q = qj_/fx ex-
pressed in units of the typical momentum transfer. For hot matter (QGP), fi is the
Debye mass in the medium and

is simply obtained from the normalized Coulomb scattering cross section, whereas for
cold matter, V(Q2) is related to the differential quark-nucleon scattering cross section :



For cold matter, V(Q2) oc l/Q4 at large Q, so that in both cases the mean (dimen-
sionless) transverse momentum squared is not defined, and the random walk picture
used in the heuristic discussion is not correct. In [2,3], we show how to derive the
results for AE generalizing (2.5) and in [3] the characteristic transverse momentum
squared after L/X collisions p\w is defined and calculated. We find

and

Aw = S j v (£) , (3.7b)

where1 v(X/L) ~ fo/Xd2Q V(Q2)Q2. Comparing (3.7a) and (3.7b) we find that AE
may be formally obtained, up to constant factors, by replacing in (2.5) (p\(L)), well-
defined in the case of rapidly decreasing V(Q2) at large Q2, by p\w :

^ . (3.7c)

We note the striking relationship between the two quantities AE and p\w, independent
of the nature of the scattering medium and of the incident radiating parton. Equation
(3.7c) makes more precise the bound AE/L < p2

±w/2 suggested by Brodsky and Hoyer
[8] on the basis of the uncertainty principle.

We may relate AE to the gluon distribution [3]. Using

"2 , 2 - da -2 4ir2asCF _,. L 2N . .

*qW>" ='-Nrrxa(x'J<l)' (3'8)

where p is the nucleon density, we get from (3.7a)

AE = CT—a2
s p L2 x G(x, jp2) (3.9)

with C = 1 (C = 9/4) for a radiating quark (gluon). In order to understand the large
scale in (3.8), we note the following. As explained in [2,3], the gluon energy spectrum
originates from a region where the gluon impact parameter B (expressed in units of
the typical distance scale fx'1) is small and approximately constant, B2 ~ n~^h <C 1. In
the transverse momentum space, the final momentum of the produced gluon satisfies
Q2

0t ~ 1/J92 ~ ncoh 3> 1. It turns out that the typical gluon energy is on the order

JThe origin of the enhancement factor v(\/L) is quite intuitive. In the simpler case of hot matter
where v(X/L) ~ £n(L/\), the singularity of the Coulomb potential at small distances corresponds
to a long tail in the transverse momentum distribution. This enriches the contribution from "large
jumps" q±_ >̂ n. Coherence between emission amplitudes is more difficult to maintain which effectively
reduces the coherence length (i.e. the size of an effective radiator), leading to an enhancement of the
energy spectrum (see (2.3)) and thus of the energy loss.



of the maximal gluon energy and thus corresponds to the largest coherence length

^ncoh)max = L. Thus, effectively, ncoh ~ L/X, which sets the hard scale q2
0t ~ —JJ,2'".

A
This scale fixes both the argument of the gluon distribution in (3.8), and also of as

in each single scattering. For L ^> A, the perturbative approach using the one-gluon
exchange approximation is thus justified.

Finally, we give rough estimates of AE and p\w for L = 10 fm.
(i) For a QGP of temperature T = 250 MeV with as ~ 1/3, high temperature

perturbative QCD formulae yield [2] /j,2jX ~ 1 GeV/fm2, A ~ 1 fm. Since v(\/L) ~
£n(L/X) ~ 2.3, we get

AEhot ~ 30 GeV and p\Whot ~ 4 GeV2. (3.10)

Remember that AE is estimated for very high quark energies E 3> ujact-, where AE
becomes independent of E.

(ii) For cold matter, we take as ~ 1/2 and use (3.9) with p = 0.15 fm~3 and
x G(x) ~ 1 (x G(x) is roughly constant in the relevant small x region).

AEcold ~ 2 GeV and p2
XWcoM ~ 0.2 GeV2. (3.11)

A c k n o w l e d g e m e n t This study has been done in collaboration with Rudolf Baier,
Yuri Dokshitzer, Alfred Mueller and Dominique Schiff.
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Abstract

The high energy parton distribution when evolved to a low energy scale ap-
pears to indicate that a valence picture of hadron structure arises. We have de-
veloped a formalism based on a laboratory partonic description which connects
the parton distributions with the momentum distributions of a quark model.
The formalism uses Next to Leading Order evolution and has been defined to
produce the right support for the parton distributions. In this scheme we have
analyzed the polarized and unpolarized data and shown that well-known Quark
Models lead to a qualitative description of the data.

The constituent quark, one of the most fruitful concepts in 20th century physics,
was proposed to explain the structure of the large number of hadrons being discovered
in the sixties [1]. Soon thereafter deep inelastic scattering of leptons off protons was
explained in terms of pointlike constituents named partons [2]. Thus already at the
very early stages of the study of the structure of hadrons the need to connect the
laboratory description, based on constituent quarks, and the light-cone description,
based on partons, arose as the way to understand the origin of phenomena at different
scales.

The high energy parton distributions when evolved to a low energy scale appear
to indicate that a valence picture of hadron structure arises. Gliick, Reya and Vogt
[3] start from a parametrized distribution of partons at a very low scale \i\ which
resembles that of a naive Quark Model of hadron structure: the contribution of the
Valence Quarks to the structure function is dominant. The /ig scale is determined from
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the intermediate Q2 scale by evolving downward the second moment of the valence
quark distributions. This valence picture is well represented theoretically by Quark
Models which are very successful in explaining the low energy properties of hadrons.
Jaffe and Ross proposed [4] that the quark model calculation of matrix elements give
their values at a hadronic scale \x\.

We have developed a formalism based on a laboratory partonic description [5], which
connects the parton distributions with the momentum distributions of the constituents
giving us therefore a description of partons in terms of Quark Model wave functions.
Our basic assumption is that gluon and sea bremsstrahlung are the source of difference
between the various momentum scales. We have implemented the Renormalization
Group program by defining a hadronic scale and using as initial, non perturbative,
conditions those obtained from the parton distributions of the low energy model.

In our formalism a relation between the valence quark distribution at the hadronic
scale and the momentum distribution of the chosen Quark Model appear as,

Expression (1) can be applied to a large class of quark models, ensures the correct
support and has the correct integral property to preserve number normalization. The
momentum normalization condition fixes the parameters of the distribution, in partic-
ular, we have taken it to define the constituent quark mass.

In the case of scattering from a polarized target the resulting expressions are

1 /
= 2TTM- / d | k | | k | n J W ( | k | ) , (2)

(1 XY J ( )
where q^ denotes the q-th valence quark whose spin is aligned (anti-aligned) to the
nucleon's spin while n j^( |k | ) is the momentum density distribution for the valence
quark of momentum k and equivalent spin-projection.

We shall restrict this presentation to some unpolarized results of the Isgur-Karl
model [6] (see [7, 8] for a complete description). This model includes besides confine-
ment a hyperfine interaction and has been used with great success in spectroscopic
studies of the baryon resonances.

In Figs.l we show the evolution at LO and NLO of the Isgur-Karl model in the ex-
treme scenario, i.e., when at the hadronic scale fj,0 the valence distributions are assumed
to be the only non-vanishing components. Two are the salient features of the calcu-
lation. The first, a promising one, is that the original static distribution approaches
the scale of the data. The second feature, a negative one, is that the harmonic oscilla-
tor type wave function of the Isgur-Karl model lacks the high momentum components
needed to explain the data in the region x > 0.5.

Our analysis, based on a NLO formalism of evolution, has shown that the pertur-
bative scheme is applicable to the low energy scales of interest. However in order to
be quantitative a LO analysis is not sufficient, the effects beyond the LO evolution are
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sizeable and the NLO corrections are about 15% in the peak region. The formalism
used has the correct support for the parton distributions and allows the discussion of
a large class of Quark Models.
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Fig.l: a) The valence distribution functions for the Isgur-Karl model in the extreme quark
model scenario where ((uv + dv)(/j,Q))n=2 = 1. The distributions are evolved from //Q (dot-
dashed line) to Q2 = 10 GeV2 at LO (dashed) and NLO (continuous line), b) The total Sea
distribution at Q2 — 10 GeV2 within the Isgur-Karl model (continuous line). Dotted lines
represent the CTEQ(SD) experimental fit of ref.flS].

It has been argued, that hard gluons at the initial scale seem to be necessary to give
reasonable results for the low-x part of the nucleon structure functions [3]. We have
developed this scenario by introducing at the hadronic scale valence gluons carrying
40% of the total momentum. The procedure has been defined to preserve the sum
rules, i.e.,

/•i

(3)f
/ dx qv(x) = MqJo

f1 dx G(x) = MgJo (4)

Naturally Mu = 2, Md = 1 and we have chosen Afg — 2 (the minimum number of gluons
required to make a singlet). Moreover these valence gluons are supposed to have a
distribution which is proportional to that of the valence quarks. In order to satisfy
the sum rules the parameters of the momentum distribution have to change. This
change is in the spirit of the formalism, namely that the quantities calculated in the
model are dependent on the hadronic scale, in this case /x^ — 0.2 GeV2. It is clear that
the quantitative aspects of the calculation are dependent on this particular model and
therefore we do not stress their significance, however some of the qualitative features
are worth mentioning.

In Figs. 2 we show the results of this calculation. The LO and NLO evolutions
for the non-singlet differ only by 8% showing an improvement in the perturbative
approach. The sea component is larger and in better agreement with the experimental
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data because the gluon component enters in the evolution equation of the singlet terms
mixing sea and gluon components.
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Fig.2: Results including the presence of valence gluons at the hadronic scale, a) The LO
(dashed) and NLO (continuous) results for the valence parton distributon at Q2 = 10 within
the Isgur-Karl model, b) The total Sea distribution at Q2 = 10 GeV1 within the Isgur-Karl
model (continuous line) according to the scenario where valence gluons carrying 40% of the
total momentum are introduced at the hadronic scale. Experimental fit CTEQ(SD) (dotted)
ofref.flS].

The next step, which our formalism allows, is to proceed to define models which
describe quantitatively the data at all energy scales. Our analysis has shown that
present models are too naive. Two main lines of reasoning appear as a consequence
of the hadronic scale. A first scheme would imply the construction of models valid at
a higher hadronic scale, from which evolution should proceed. We have shown that
these models have to be complex, i.e., primordial gluons and sea seem to be necessary.
Two such models have been studied in the past. The model by Kuti and Weisskopf [9],
similar in origin to the calculation we have done, contains all the constituents at the
hadronic scale, without any remembrance of the constituent quark concept. A more
appealing scheme, in view of the recent explanations of the proton spin crisis [10], is
the assumption that the constituent quarks are not elementary [11]. Sea and gluons at
the hadronic scale would be generated by unveiling their structure. In this scheme the
concept of constituent quark would still be useful whenever the probe is of long wave
length. We are proceeding in this direction.

One main problem of our analysis in the extreme approach is the fact that fj,o comes
out low. A second scheme would be to implement the non perturbative properties into
the evolution process. It is thought that the scale associated with the Chiral phase
transition is 1 GeV and therefore the realization of QCD below that scale should be
represented by an effective theory with a pion field [12]. By properly matching QCD
evolution with that of the effective theory, one could continue the evolution to the low
energy scale. In order to get a partonic description the effective degrees of freedom
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would need to be unveiled in terms of current partons. This second scheme, although
appealing seems to us more difficult to be realized at present.

Our study has led to the conclusion that the naive models discussed for hadron
structure have not the additional bonus of being able to describe high energy physics.
One must therefore proceed to a more complete analysis of data within the present
scheme to include the missing ingredients,i.e.,primordial gluons and sea, in a macro-
scopic scheme. Our formulation is perfectly adequate to proceed. The goal is to con-
struct an effective theory or a model which contains the physics between our present
//o and the scale of the Chiral Phase transition.
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Abstract

We discuss quark mobility distributions Q(y+) defined as Fourier transformations
of momentum-space structure functions FI{X-QJ). We find that nuclear effects in
coordinate space are negligible for light-cone distances y+ (Ioffe times) up to 5
fm. At large y+, nuclear shadowing sets in.

Deep inelastic electron-nucleon scattering is usually discussed in momentum space, as
a function of the Bjorken variable X-QJ = x — Q2/2mu. The cross section can be
parametrized in terms of the structure function F2(x,Q2). According to perturbative
QCD at lowest order in Q5, this is given by

F2(x, Q2) = £ e2x[qt(x, Q2) + qt(x, Q% (1)

where qi(x,Q2) is a quark distribution in momentum space, i.e. the probability that
a quark of flavor i carries a light-cone fraction x of the nucleon momentum.The sur-
prisingly large nuclear effects in F2 were first discovered somewhat accidentally by the
EMC Collaboration in 1982 [1]. The ratio

RA(X)=
(A/2)daeD(x) ~ F2

D(x) ^J

deviates from unity by as much as 20% or more. Momentum space divides into four
different regions of nuclear suppression or enhancement: the regions of "shadowing",
"anti-shadowing", "the EMC effect" and "Fermi motion" [2]. This rather complicated
structure leads one to ask whether there might be alternative ways of looking at the
data. One such way is provided by a Fourier transformation from momentum to co-
ordinate space. In the Bjorken limit, —mx/2 is the conjugate variable to a light-cone
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y+ [f"z]

Figure 1: The ratio i?^(y+) of quark mobility distributions in heavier nuclei and deu-
terium, for A = He, C and Ca.

distance y+ = y° + y3, often called the Ioffe time [3]. From the definitions of quark
momentum distributions in terms of field operators one can work out the relation [4, 5]

= Aim / dxI
Jo

sin
x

(mxy

l~2~ (3)

Since the operator on the left-hand side removes a quark at the origin and inserts a
quark at light-cone coordinate y+, it is natural to define a quark mobility distribution
in coordinate space as the Fourier (sine) transformation of i^/x. This transformation
has been known for quite some time [6], but it has not been extensively used until
recently [5, 7, 8]. This talk is a report of our recent study of the mobility distributions
of quarks in nuclei [9]. We have evaluated the quark mobility distributions of nucleons
bound in deuterons D and in heavier nuclei A by using the measured F® [10] and RA
[11] as input in the transformation formulae

+

QA(y+,Q2) = RA(X)
x

mxy^

(4)

(5)

In Fig. 1, we plot RA{y+) = QA(y+, Q2)/QD{y+, Q2) for A = He, C and Ca. The
behaviour at large and small y+ can also be derived analytically from (5). At small

Jo
(6)
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Rc(x,w)

w = 0 —
u; = 2.2 fm

w = him

Figure 2: The modified momentum-space ratio RQ(X,W) (see text) for
w = 0, 2.2 and 5 fm.

The integral gives the total momentum fraction carried by quarks in a nucleus A. This
is independent of A within experimental errors [2], since contributions from regions of
nuclear enhancement and suppression partly cancel in the integral over all x. Thus,
nuclear effects are negligible at small y+. On the other hand, assuming that FA(x)
behaves as cAx~^ at small x, one finds

QA(y + oo) ~ cA
Imx +\P

i:du sinu

u
(7)

If the power j3 is the same for all nuclei, then RA(y+) tends to RA{X = 0) at large y+.
Thus, nuclear shadowing is manifested in the behaviour of QA at large y+.

Let us finally evaluate the inverse transformation to (5),

F ix = — x /
n Jo

+ A + .
dy+QA(y+, w) sin

fmxy'1
(8)

using a modified coordinate-space mobility distribution QA(y+ ,w^ where nuclear effects
have been neglected for y+ < w = 0(fm). That is, we define QA to be equal to QD

for y+ < w and equal to the r.h.s. of ̂ 5) for y+ > w. As shown in Fig. 2 for A = C,
the modified momentum-space ratio &c(x,w) = F^(x)/F®(x) is almost equal to the
unmodified Re for x £ 0.4; modifications at small and moderate light-cone distances
only show up at x Z 0.4. Somewhat provocatively speaking, one might say that the
complicated pattern observed in momentum space is just a waveform resulting from
the Fourier transformation of a simpler function.
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Abstract

The role of gluon and pion exchange currents is investigated with reference
to the photon decay amplitudes of the P33(1232), D13(1520) and Fi5(1680) res-
onances within the constituent quark model.

The nonrelativistic constituent quark model (see, e.g., ref. [1] and references
therein) has been quite successful in describing properties of hadrons. Transition am-
plitudes must also be considered in order to better understand the internal dynamics
and to obtain information on the different components of the hadron wave functions.
In this paper the effects of including two-body currents in the electromagnetic tran-
sition operator have been investigated and photocouplings of some important nucleon
resonances calculated. Calculations have been performed for the helicity amplitudes
for photon decay of the three resonances which are most excited in total photoab-
sorption, i.e. P33(1232), Di3(1520) and Fis(1680). The model Hamiltonian includes
gluon and pion exchange between quarks with parameters fixed in ref. [2] by fitting
the mass spectrum. Different options of such parameters are available depending on
whether configuration mixing and/or pion exchange are included in the model. Pion
fields are here introduced to restore chiral symmetry in the nonrelativistic constituent
quark model. The corresponding electromagnetic current operator is the sum of one-
and two-body currents and satisfies gauge invariance within the adopted nonrelativistic
approach.

As usual, the nonrelativistic one-body current is the sum of the convective and
spin-magnetic terms. The two-body current is determined by gluon and pion exchanges
between quarks. In the approach of ref. [2] we find that the isoscalar pion pair current
vanishes identically for the P33(1232) resonance due to isospin selection rules and for
the other resonances is negligible. The pionic current gives negligible contributions as

presented by E. Perazzi
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well. Therefore, the interaction Hamiltonian related to two-body currents is the sum
of the following two terms

V2

X

X

V2 &2+
d

dp+
+ V2« d

+
d

^1+

exp( — exp(—\/2Ap)

where <?* is the external photon three-momentum and the ith quark has charge e,- =
| (1 + 3r;2)e and mass mq. The vectors p= -jz{?\ — ̂ 2) and A = - ^ ( n + 2̂ — 2F3) are
the usual Jacobi coordinates; as is the quark-gluon fine-structure constant and fvq is
the pion-quark coupling constant. The pion-quark cutoff mass A describes the size of
the pion-quark interaction region.

It is easy to verify that in the case of the P33(1232) resonance the matrix elements
involving an initial neutron equal the corresponding ones with an initial proton. For
the Di3(1520) and Fis(1680) resonances the pion-exchange transition amplitudes with
an initial neutron are opposite to the corresponding ones with an initial proton. The
one-body and gluon-exchange operators will generally give different results.

Table 1. The helicity amplitudes Aj calculated only with the one-body current for photon decay
into proton (p) or neutron (n) in units 10~3 GeV"1/2. (Os)3 without configuration mixing; KI with
the configuration mixing only for the excited states as in ref. [3]; Gl and G2 with the complete
configuration mixing of ref. [4]; a2 = 4.32 fm~2 in all cases, except G2 where a2 = 1.23 fm~2.
Experimental values are estimates taken from ref. [5].

P33(1232)

D13(1520)

F15(1680)

^1/2

^3/2
APn\/2

^1/2
AP

^3/2
An

^3/2

A/2
•^1/2
AP

^3/2
An

^3/2

Exp
-140 ±
-258 ±
-24 ±
-59 ±
166 ±

-139 ±
-15 ±

29 ±
133 ±
-33 ±

5
6
9
9
5
11
6
10
12
9

(0s)3

-101
-174
-22
-41
125

-125
~ 0

34
73
0

KI
-94

-170
-22
-39
124

-124
1

21
89

-25

Gl
-86

-149
- 7

-45
136

-91
7

18
77

-21

G2
-75

-131
-71

10
43

-24
-57

57
27
- 9
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Photocouplings calculated with the one-body current only are shown in Table 1.
Without configuration mixing the results are strongly dependent on the oscillator spring
constant b — a'1. With configuration mixing the general trend is to make the com-
parison with experimental data worse than the results without configuration mixing.
Since the helicity amplitudes calculated with the one-body current are dominated by
the spin-flavour structure of the states, it is not surprising that the results in Table
1 are in qualitative agreement with those already calculated with other models where
the basic SU(6) spin-flavour symmetry represents a strong constraint.

Table 2. The helicity amplitudes for photon decay of the P33(1232) resonance in units 10~3 GeV"1/2.
CM and (Os)3 with and without configuration mixing, respectively; IT (no n) with (without) pion
exchange currents.

Contributions

1-body
gluon exch.
pion exch.
total

^3/2

1-body
gluon exch.
pion exch.
total

TT (OS) 3

-104.0
-10.5

27.2
-87.3

-180.2
-19.2

47.2
-152.2

no TT (0s)3

-104.4
-15.6

-120.0

-180.8
-28.5

-209.3

TT C M

-106.3
-3.7
33.6

-76.4

-185.5
-6.9
61.9

-130.5

no TT CM

-106.7
-9.0

-115.7

-186.7
-16.5

-203.2

Let us now consider the effect of two-body currents. In Table 2 the contributions
to the helicity amplitudes for the P33(1232) resonance coming from the different pieces
of the electromagnetic current are separately shown with and without configuration
mixing. Of course, the main contribution is always given by the one-body current. Its
size is almost the same in the different cases showing that the results are stable when
consistently using wave functions and model parameters. Gluon and pion exchange
currents always enter with opposite sign as also noticed in ref. [2] when calculating the
charge and magnetic form factors of the nucleon. However, since the pionic current
is quite negligible in the calculation of the photocouplings, the partial cancellation
between the isovector pion pair and pionic currents found in ref. [2] for the magnetic
moments does not occur here. As a consequence, the pion exchange contribution is
rather large and its sign is responsible for the dramatic reduction effect on the size
of the photocouplings. This leads to results in contrast with the quoted experimental
values. The same effect was found in the simplified approach to the pion-exchange
current contribution of ref. [6] with no configuration mixing. Configuration mixing
reduces the size of gluon exchange and increases that of pion exchange, thus enlarging
the discrepancy of the total result with respect to the experimental value. When
pion exchange is neglected in the original Hamiltonian and the helicity amplitudes are
consistently calculated within the model (no TT CM in Table 2), the obtained values
are much closer to the data.
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A similar analysis can be extended to the other resonances. The results are shown
in Table 3. Apart from the A^,2 amplitude and in contrast with the outlined general
trend, a better agreement with data is reached for the Di3(1520) helicity amplitudes
also including pion exchange, but the quantitative description of the photocouplings
within the model remains an open problem.

The present analysis illustrates the limitations of a nonrelativistic model based on
constituent quarks.

This work has been performed in part under the contract ERB FMRX-CT-96-
0008 within the frame of the Training and Mobility of Researchers Programme of the
Commission of the European Communities.

Table 3. The helicity amplitudes for photon decay of the Di3(1520) and Fi5(1680) resonances in
units 10~3 GeV"1/2. Notations as in Table 2. Experimental values are estimates taken from ref. [5].

D13(1520)

A 7i

A p
3 / 2

A ^

F15(1680)
A P

A n

AP
"^3/2
An

^3/2

Exp

-24 ± 9
-59 ± 9
166 ± 5

-139 ±11

-15 ± 6
29 ±10

133 ±12
-33 ± 9

TT (OS) 3

19
-64
158

-77

13
23
34
10

no TT (0s)3

- 1
-41
109

-25

20
20
51

- 1

TT C M

16
-60
151

-71

9
7

45
-20

no TT CM

_ 3

-38
104

-22

21
10
69

-24
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Abstract
The combination of transverse momentum and polarization effects in hard

scattering processes, e.g polarized deep-inelastic leptoproduction, results in a rich
variety of information on the hadronic structure. This information is encoded
in a correspondingly large number of functions depending on both, longitudinal
fractional momenta x and transverse momenta k/p. Integration over transverse
momenta establishes the connection to the usual distribution and fragmentation
functions. Constraints from hermiticity and invariance under parity operation
induce some relations between different functions.
One specific aspect of the information on the hadronic structure is the appear-
ance of time reversal odd fragmentation functions due to the non-applicability
of time-reversal invariance for the hadronization of a quark. T-odd fragmenta-
tion functions are experimentally accessible via the measurement of, for instance,
asymmetries in semi-inclusive leptoproduction.
Leading order effects (in an expansion in powers of the hard scale Q) involving
T-odd fragmentation functions can be observed only in experimental quantities
which are sensitive to the transverse momentum of quarks, i.e. for instance cross
sections in semi-inclusive leptoproduction which are differential in the transverse
momentum of the produced hadron.

The basic ingredient of the diagrammatic approach to hard scattering processes [1]
is the assumption that the hadronic tensor factorizes in hard and soft parts separated
by different powers of a hard scale Q. The information on the hadronic structure is en-
coded in hadronic matrix elements of quark (and, in general, gluon) fields, conveniently
parametrized in distribution (DF) and fragmentation functions (FF). The leading con-
tributions to 1-particle inclusive leptoproduction from the 'handbag' diagram (Fig.l)
involve the non-local hadronic matrix elements

) (l)
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Figure 1: Diagram of the leading conributions to 1-particle inclusive leptoproduction.

for the distribution of quarks in the target hadron (with momentum P and spin vector
S) and

Atl(k, Ph, Sfc) = , Sh;X)(Ph, Sh; (2)

describing the decay of a quark, thereby, amongst others producing the one observed
hadron in the final state (characterized by Ph and Sh)- Both objects, $ and A, are
hermitian and reveal symmetries under discrete transformations: both are parity in-
variant, whereas only $ is invariant under time reversal, as well. The time reversal
operation relates m-states to out-states and thus A has no simple symmetry properties
under this operation. The most general ansatz for the quark-quark correlation function
A(fc; Ph, Sh) consistent with the hermiticity properties of the field and invariance under
parity operation is (k is the momentum of the quark) [2]

; Ph, Sh) = BxMh

+ (B12/Mh)

B2 h
B6Mh $

+ i B10

+ (B4/Mh) o»v

(B7/Mh)(k • Sh)

SZk" + i (Bn/M
2
h){k

+ (B8/Mh)(k • Sh

Sk)

(3)

Hermiticity requires all the coefficient functions B{ to be real. The additional constraint
of time reversal invariance, if applicable, would imply B' = —B{ for B4, B5, and B\2-
In this sense, those coefficient functions are refered to as time reversal odd (or, in short,
T-odd).
The object appearing in the diagrammatic expansion is the A;+-integrated hadronic
matrix element. It is useful to define projections on different Dirac structures

A[r](z,-zkT) = 1- I dk+ Tr[AT]
42 J

(4)

Conventionally, the projections are parametrized in terms of generalized FF's. To
leading order in an expansion in invers powers of the hard scale Q (defined by the
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virtuality of the photon Q2 = —q) the following FF's occur

Mh

= XhG
lL W

'\T

-GlT

= S'hT HIT
k T - S hT

Mh
HIT (5)

The generalized FF's depend on both, the longitudinal momentum fraction z and on
the transverse momentum kj . Integration over transverse momenta establishes the
connection to the usual FF's, D\(z), G\(z), and Hi(z), describing the decay proba-
bilities of unpolarized, longitudinally and transversely polarized quarks, respectively.
From the fact that the two T-odd distributions D±r(z, —zkx) and H1

±(z,—zkr) are
multiplied with functions which are odd in kx, we can deduce that only observables
sensitive to transverse momenta will show leading order effects involving T-odd FF's.
As mentioned, the leading order FF's can be associated with simple probabilistic inter-
pretations in terms of parton model ideas. This is not the case for the FF's occurring in
order 1/Q, since higher twist corrections are beyond the parton model. Nevertheless,
they are well defined as Dirac projections of the non-local hadronic matrix elements.
Following the naming scheme of [3] the FF's functions are listed explicitely as E, Z)x,
Di, DT, Eu ET, G'T, Gt G#, # r , H, HL, and HT.
The FF's can be written as (integrated) linear combinations of the coefficient functions
B{. Since, there are more FF's — 21 up to O(l/Q) — than the 12 independent coeffi-
cient functions B;, a number of relations is expected. Indeed, exploiting the connection
between the FF's and the B{ leads to nine relations. Focussing here on the seven T-odd
functions D^, H^, Dj;, DT, EL, ET and H there are four relations between them. The
relations can be given in a simple form for the integrated FF's and their first moments
in ky indicated by the superscript (1)

(i.e., for instance D$] = f d2kT (j^r) D^T(z, -zkT))

(6)

(7)

Jo \_ z

Jo

i-(l)/

= 0

= 0

= 0

(8)

(9)

Those relations follow directly from the hermiticity properties of the fields and invari-
ance under the parity operation; the RHS's of (7), (8) and (9) are obtained assuming
not too singular behaviour of the FF's at z —> 0.
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One particularly important example for the occurence of T-odd FF's is the dif-
ferential cross section for unpolarized electrons scattering off a transversely polarized
target provided the transverse momentum of the produced hadron is measured [4.3]

Ana. s h k r

Mh
x h\ H{J-a (10)

-<i>,)i
Pr - 2h • p T P T

±a

with / [(h • pT)fD] =Jd2pT d2kT S2(pT + qT - kT) (h • pT) f(x,pT)D(z,kT)-
Eq.(lO) contains two sine functions depending on different combinations of the az-
imuthal angles <j)s and 4>h of the target spin vector and the momentum of the produced
hadron, respectively. The asymmetry caused by the first term is known as the 'Collins
effect' [4]. Both azimuthal asymmetries are of leading order in an expansion in powers
of l/Q. Leading order asymmetries involving T-odd FF's are possible only in experi-
mental quantities sensitive to transverse momentum (for a more detailed discussion on
the role of transverse momentum in deep-inelastic processes see [5]).

Another example of observables involving time reversal odd fragmentation functions
is the number asymmetry of produced hadrons in the scattering of unpolarized leptons
off a transversely polarized target.

H) - a(i H) 2(2 -

cr\
(11)

Using Eq.(8) the occuring linear combination of T-odd FF's, H(z) + 2zH1 ^ \z) can be
simplified to the form zj-z ]
Yet another example for the use of the relations (6), (7),(8) and (9)is given by the l/Q
corrections to the unpolarized cross section.

D$(z)/z) | (12)

Here, relation (7) can be used to simplify the linear combination to a derivative of a
moment in k^: D$)a(z) + D$(z)/z = zj-z [i?^.1^)]. Note, that since the quantities
(11) and (12) are insensitive to the transverse momentum of the produced hadron,
T-odd FF's show up only in next to leading order.
The foregoing examples serve to illustrate the usefulness of the relations (6), (7),(8) and
(9) in reducing the number of functions to be obtained from experimental quantities.
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1 Introduction

According to S. Brodsky, G.P. Lepage [1] high energy, high momentum transfer and
exclusive reactions are a good tool to select the valence quark part in the Fock expan-
sion of each hadron state. For example, for a proton with momentum P, this expansion
reads:

\P>=qr \qqq>+^ \qqq,qq>+V* \qqq,g>+ (1)

The scattering amplitudes for a high energy, high momentum transfer exclusive
reaction can be factorized in a hard scattering part ( that we can calculate by pertur-
bative QCD ) and a non perturbative part which we are interested to learn about.

In the infinite momentum frame ( Pz —> oo ), the valence part tyy is written
explicitely

$£(a;i5
a:2,33;kj.i,ki2,kL3) (2)

where X{ = ^ is the longitudinal momentum fraction carried by quark i and kj_t- is the
transverse momentum carried by quark i. These physical quantities obey the following
relations

J > = 1; X>i* = ° (3)
i i

As the Lorentz contraction occurs only in the longitudinal direction, the transverse
size of the proton remains constant ( ?» 1/rw) and from the Pauli principle, the typical
tranverse value of the momenta entering the wave function are small compared to the
corresponding longitudinal momenta. In the exclusive process where the hadron final
state is the same as the initial hadron state, the momentum transfer occurs through
the gluon exchange. In the propagator, the dominant part comes from the momentum
transfer of the reaction and the contributions from the transverse momenta can be
neglected in a first step, at least at large angles. The conclusion is that the exclu-
sive reactions at large momentum transfer are dominated by the quark distribution
amplitudes defined by:
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<f>(xi,(i) = P d2kxi \&Z(Xi; k,.;) (4)

where the wavefunction is integrated up to a scale [i. For yt, much larger than the
average value of the transverse momentum, this function <f> depends only weakly on \x
( evolution equation ) and can be taken independent of \i. This function <f>(xi) is the
non perturbative part entering the process under consideration.

The third main property of the high energy, high Pj exclusive reactions is the
scaling law. If we denote by s, i, and u the kinematic Mandelstam invariants, we
expect for the differential cross section ^ ex -^ where n is the number of elementary
particles participating the hard scattering.

2 Real Compton scattering jp —>• jp

If we define by m the proton mass and by 9 the scattering angle between the incoming
and outgoing photons in the center of mass system, the Mandelstam variable s and t
are given by

s — m2 + 2mE~f,

= js-m2)2 i*-™2)2^ (5)

2s v ; 5 2' V ;

where E^ is the incident energy of the photon in the laboratory. In the case of real
Compton scattering, the three Mandelstam variables are related by 5 + t + u = 2m2.
The variation of | t | and | u | as function of 6 are displayed on Fig.l for E~, = 6 GeV
and E1 = 10 GeV.

The hard scattering part will occur if s is large enough, which, from the preceding
relation, means a photon beam with a high incident energy. The large values of the
momentum transfer ( | t \ ) are obtained at large angles. At small angles, the reaction
may be dominated by some diffractive processes and meson exchange processes. At
backward angles, where the values of | u \ are small, the cross section is interpretated in
terms of baryon exchange. The extraction of the non perturbative part of the amplitude
in the factorization formalism is then most reliable for 6 « 90°.

For real Compton scattering, the scaling law at fixed angle associated to the differ-
ential cross section is written as:

due to the fact that the total number of elementary constituents which participate
in the reaction is: n=2(3+l) ( 3 quarks and 1 photon ). Let us write the scattering
amplitude

M$ =< Ph. | TH(k, A; k', A') \Ph>, (7)

where h (h1) is the the helicity of the hadron in the entrance channel (exit channel), A
(A') is the helicity of the incoming photon (outgoing) and k and k' are their momenta.
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Figure 1: Variation of the Mandelstam variable u and t as the function of the scattering
angle for two incident energies of the photon

Let us discuss now the basic inputs in the calculation of this scattering amplitude.
In the hard scattering part TH, the quark masses have been neglected which leads to
hadron helicity conservation (h = h') and the QCD coupling constant cts was taken to
be constant. The non-perturbative part is written:

f
/ dxidx2dx3 5(1 — x\ — X2 — x3)

z; > (8)

where | i;xi,X2,X3 > is a spin-flavor state. For example, | l;xi,X2,x3 > = | u^(xi)ui(x2)d^(xs) >.
The basic input of this non-perturbative part is <J>N{X\, ^2,^3) = ^1(^1,^2, ^3)- The
other functions <̂ 2,3 are related to 4>N in a simple way. This function 4>N satisfies the
normalization condition:

/ , X2, x3) 8(1 — x\ — X2 — x3) = (9)

From QCD sum rules, the value of /yv ~ 0.52 10 2 GeV2. In the following, we will
compare results obtained with the following three distribution amplitudes d>™ymp' —
120 XiX2x3l (ffi [2] and <f>%oz [3]. More details of the calculations are given in [4].
It is possible to write these distribution amplitudes in a non-standard but convenient
notation in which the power of each xt- term appears explicitely:

= 120 X1X2X3

(10)

with Pmn(x1,x2,x3) = 120
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an

«21

«12

«31

a i 3

«22

Asymp.
1.
0.
0.
0.
0.
0.

coz
5.88

-25.956
-20.076
36.792
19.152
25.956

KS
8.40

-26.88
-35.28
35.28
37.80
30.24

Table 1: Expansion coefficients of Eq. 10 for the COZ and KS distribution amplitudes.

The scattering amplitudes are then expressed as follows:

= £ n M hh(m',ri;m,n;6) am'n< (11)
m nm' n'

where M^'(m',n';m,n;0) is the scattering amplitude calculated with
Pmn(x\,X2, £3) as the proton distribution amplitude in the entrance channel and Pm'n'(xi, x2, x3)
in the exit channel. From these scattering amplitudes, we have calculated the differen-
tial cross section ^ and the asymmetry Ef defined as

(12)
da) A = - l

where A is the helicity of the incoming photon and where t means a positive helicity
for the hadron. The results are shown on Fig.2.

In the last part, we give the method used to extract the proton wave functions in
a model independent way. Assuming some existing data (at large s, t, u), we shall
investigate with which precision we can extract the amn coefficients. The principle of
the method is given here for the cross-section. In the first step, we calculate the inde-
pendent scattering elements M.^'(m\ n'\ m, n; 9) and, starting from known coefficients
a^in (COZ or KS wave functions) we can calculate the theoretical quantity s6^(0) in
a second step. In the third step, we generate the "data". We assume, at each angle,
a gaussian distribution for the cross-section around the value of the theoretical cross-
section. The width of this gaussian is proportional to the relative " experimental" error
denoted by ±£ in percent. Given a random number x ( — 1 < a; < 1) at each angle, we
can then generate, from the gaussian distribution, the " experimental " cross-section
s6^exp'(0). We can also generate the "experimental" error Aexp- = 26s6~%{0). The
amn we are looking for are determined by minimizing the expression

exp

2 _ V^ _
dt

dt

i=\
,exp.]2 (13)

The third step has been repeated N=200 times, giving 200 sets of coefficients a$n.
We then obtain a statistical distribution for each coefficient which can be characterized
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Figure 2: Differential cross section and asymmetry.
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by amn = ± E^ i ajil and amn = ^EJIi[«^ n - <w]2- The ratios (amn ± amn)/a°mn

for the two first coefficients as a function of S are plotted on Fig.3 in a large angular
range from 10° to 170° in steps of 10° ( dotted lines ) and from 40° to 140° (in steps
of 10°) centered around 90° where the theory is more reliable (solid lines and dashed
lines). As we can see, the precision obtained on the coefficients is improved when we
increase the number of angular informations and when we measure both cross section
and asymmetry as is obvious from the difference between the dashed curves (only cross
section) and the full curves (both cross section and asymmetry informations) on Fig.2.

Figure 3: Dotted lines: angular range from 10 to 170 deg. in steps of 10 deg. Dashed
lines: angular range from 40 to 140 deg. Solid lines: angular range from 40 to 140 deg.
including the asymmetry in the data

Large angle real compton scattering is a very promising tool to get some information
about the valence quark wave function of the nucleon. The precision in the extracted
coefficients is improved if we used a polarized beam and a polarized target. The
calculations may be improved: the transverse momentum contribution has to be taken
into account and the momentum dependence in as has to be introduced.

Up to now, only few real compton scattering data are available. The incident energy
of the photon beam 2 < E~, < 6 GeV was not high enough to be sure that the scaling
law is verified and some new DATA at higher energy 6 < E-, < 12 GeV would be
valuable.
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Abstract

A Real Compton Scattering experiment which could be performed at ELFE@DESY
is proposed. The goal of this experiment is to use RCS at high s, t and u to
measure the valence quark distribution function of the nucléon. RCS angular
distributions could be measured with a tagged laser backscattering photon beam
produced internally in the HERA ring in combination with a 2ir forward detector.

1 Introduction

A hard, exclusive reaction such as Real Compton Scattering at high s, t and u can
be used to measure the valence quark distribution function of the nucléon. To have
a high s, the incoming photon energy has to be high enough, while the high t and u
requirements are simultaneously fulfilled when the cm photon scattering angle has a
value around 90°. These conditions imply that the active constituents in the process are
present in a volume much smaller than the nucléon volume. As a result, perturbative
QCD can be used to describe the hard scattering amplitude. Only the lowest quark
Fock state contributes in a dominant way in terms of the scaling law for the RCS cross
section:

- s-6f(ecm)
The factorization hypothesis allows to write the matrix element for the process as

M = < p\T\p' >= Jdxtdy, <j>*(y3) T(xi,yj) 4>(Xi)

Talk presented by L.Van Hoorebeke
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where T is the hard scattering amplitude which depends on the scattering angle 9c

and which can be calculated in pQCD.

is the valence quark distribution amplitude which is the non perturbative QCD
information one wants to extract. The An are the Appell polynomials, the X{ are the
longitudinal momentum fractions of the valence quarks and the an are the unknown
coefficients we plan to derive from the experiment. Up to first or second order there are
6 or 10 Appell polynomials, respectively. For a detailed description of the formalism
we refer to [1] and [2]. To obtain the unknown coefficients from hard exclusive RCS, it
is necessary to measure cm angular distributions in a large angular domain around the
90° cm scattering angle. A fit to these angular distributions yields the an coefficients.
In the sections below some general ideas of how such an experiment could be performed
are presented.

2 Choice of the energy range and methodology

A previous RCS experiment [3] performed in the incoming photon energy range 2 -
6 GeV shows for three different cm scattering angles (60°, 90° and 105°) a scaling
behaviour for the cross section of the type da/dt = As~n with n ranging between 5.9
and 7.1 depending on the cm angle. This indicates that in this region the pQDC scaling
law is already approached. However, it is clear that a higher photon energy is necessary
leading to a drastic drop of the RCS cross section. Therefore, as a compromise, for this
proposed experiment an incident photon energy of around 10 GeV has been chosen.
We propose to measure RCS angular distributions for cm scattering angles between
53° and 127° (cos(#cm) ranging from -0.6 to 0.6) at three incident photon energies: 8,
10 and 12 GeV. The interpretation of the data will take two steps:

1) For fixed cm angles, dcr/dt should reflect a 1/s6 behaviour. If this is the case,
one can conclude that indeed the pQCD regime for the hard scattering amplitude and
the dominance of the valence quark state is valid.

2) The angular distribution data (which should be equivalent at the three incoming
photon energies in the pQCD regime) will be divided in 6 bins of Acos(#cm)=0.2 in
order to extract 6 Appell polynomial coefficients.

A further step would be to do a polarized RCS measurement using both a polarized
beam and target. Such a measurement should yield 12 experimental points to im-
prove the fit to deduce 6 coefficients, or to determine 10 Appell polynomial coefficients
(including the next order in the expansion).

3 Kinematics of the 7 + p —>• 7' + p' reaction

Real Compton Scattering is a 2-body reaction, thus characterized by coplanarity, and
the reaction kinematics is totally defined when two variables out of (E^^Ppi,0p>,Ey ,6y)
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are known. For our choice of kinematics the lab-angle of both the scattered photon
and the recoil proton varies between about 10° and 50°. Thus both particles move in
the forward direction, which means that they can both be detected by a 2TT forward
detector. The momentum of the two particles ranges between roughly 2 and 10 GeV/c.

4 The 7T° production background

The main source of background for the proposed RCS measurement is the 7+jo —> n°-\-p'
reaction followed by the decay of the TT0 in two photons. The TT° production cross section
is much larger than the cross section for RCS in the energy region of interest; also RCS
and 7T° production have very close kinematics. For the two processes at the same
incoming photon energy and same lab proton recoil angles, the difference in proton
momentum is too small for allowing these protons to be resolved. Moreover, the TT0 has
nearly the same lab angle and momentum as the Compton scattered photon. The two
7T° decay photons are of course not necessarily coplanar with the (7,7)') plane. In the
lab the angle between the two photons is minimal and roughly 2m7ro/E7Vo7 when the
two photons have the same energy. When the energy of the two photons differs, the
high energetic one, called 71, is contained in the cone around the original ir° direction
with opening angle 2mTo/£To while the low energetic 72 is found outside this cone.
Using the number of photons in the final state as a selection criterion between RCS
and 7T° production, two difficulties arise, which we will discuss for an incoming photon
energy of 10 GeV:

1) The minimum angle between the two photons from vr0 decay determines the
angular resolution required for the photon detector. This minimum angle depends on
the original TT0 lab angle ranging from roughly 2° at 10° to 6.5° at 50°. The angular
resolution of the detector has thus to depend on the detection angle.

2) A photon detector always has an energy threshold. All TT° production events for
which the energy of 72 is below the threshold value will be detected as single photon
events. Moreover, the detected photon will practically have the TT0 energy and direction,
and such events will give rise to background for RCS events. As an example, if the
threshold would be set at 50 MeV, for pion lab angles around 10° the angle between 72
and the pion is 10°, and 1.2% of the 7r° production events are detected as single photon
events. At pion lab angles around 50°, these values are 22° and 4%, respectively. In
any case, for photon energies above 50 MeV, the two photons are obtained in the 2it
forward direction.

5 Proposed equipment for the RCS experiment

The electron beam could be provided by the TESLA accelerator (30 GeV) in combi-
nation with HERA as a storage ring. As a photon beam a tagged laser backscattered
beam, internally produced in the HERA ring, should be used. The reaction products
can be detected in a 2TT forward detector. A 28 cm long liquid hydrogen cell (2 g/cm2)
can act as a target. For measurements with a polarized target, a HD ice target might
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be used. Some considerations regarding the proposed equipment are given below.

5.1 The tagged photon beam

Tagging of the incoming photon beam will yield an accurate photon flux measure-
ment and will provide very welcome additional kinematical information. In principle,
there are two options for the photon beam: either a bremsstrahlung beam or a laser
backscattering (LBS) beam. The energy spectrum for a bremsstrahlung beam has
the well known l/E-y behaviour, while this spectrum is approximately flat for a laser
backscattering beam. As a result, for a given photon yield between 9 and 10 GeV,
the amount of lower energetic photons giving rise to unwanted hadronic background is
much larger using a bremsstrahlung beam than using a laser backscattering beam. A
rough estimate shows that using a 2g/cm2 LH target and a photon yield of 108 pho-
tons/s between 9 and 10 GeV, hadronic background events amount to up to 900000/s
for a bremsstrahlung beam and up to 90000/s for a collimated LBS beam. Given this
fact, the choice of using a LBS beam is clear. Moreover, using a LBS beam, polarized
photons are obtained for free.

Using a standard Ar(green) laser in combination with a 30 GeV electron beam, a
maximum LBS photon energy of 15.7 GeV can be obtained. The LBS photon flux
is proportional to the electron beam intensity, the laser power and the electron-laser
interaction length. The intensity of the stored beam in HERA could be around 150 mA
(while only 50 fiA extracted beam in stretcher mode can be expected) and a realistic
power for a commercial laser is 8 W. Operating with an amplification system (x 1000,
using mirrors) and an interaction length of 2.5 cm, it should be possible to obtain 109

photons/s in the total LBS spectrum. The photon flux of 108 photons/s between 9
and 10 GeV has to be tagged using 100 focal plane detectors, because of focal plane
counter rate limitations (106/s/detector). This automatically gives rise to a tagger
energy resolution of 0.1%.

5.2 The 2TT forward detector

Monte Carlo simulations with regard to the RCS-TT0 separation show that the 2n for-
ward detector should be able to detect the angle and momentum of the produced pho-
ton(s) while it is not necessary to detect the angle and momentum of the recoil proton.
Also the interaction point in the target needs to be determined. A calorimeter with
an angular resolution depending on the detection angle 6 and determined by half the
minimum opening angle between two ir° photons, can be used as photon detector. The
target interaction point could be estimated by detecting the recoil proton for example
with a few layers of scintillating fibers around the target. For the calorimeter crystals,
PbWO4 could be used, giving rise to an energy resolution of 3%/JE1(GeV). A real-
istic energy threshold will probably have a value somewhere between 50 and 100 MeV.
Simulations, using a ratio dcjdt(jp —> p'TT°) / da j dt(^p —> p'"f') = 1000/3.S from ref
[3], yield with suitable TT0 rejection criteria a signal to background ratio better than 1.
Remaining n° events, mainly those where one photon was below threshold or escaped
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through gaps between the crystals, can be subtracted according to the simultaneously
measured cross section for TT° production.

6 Count rate estimate for RCS at around 10 GeV

Using the data published in ref. [3], it is possible to make an RCS count rate estimate
for backward and forward cm scattering angle bins. According to ref. [3], the s-
dependence of the RCS differential cross section can be written as:

(da/dt)
(da/dt)

'min

max

= s~6 x 50/xb GeV10

= s~6 x 500^b GeV10
for BCM • 100 -»• 127°
for 9CM = 60°

Assuming the number of photons in the energy bin of interest to be 108 per second,
using a 2g/cm2 liquid hydrogen target and a 2ir forward detector, the count rate for a
backward and forward bin of Acos(8cm) = 0.2 is given in the table below.

(GeV)
7.2 -+ 8
9 -+ 10

10.8 -+ 12

s

15.05
18.71
22.27

AiV/hour
for BCM = 60°

24.8
8.6
3.6

AiV/hour
for 6CM = 120°

2.48
0.86
0.36

time in days
(AiV)mm = 1000

17
49
115

It should be noticed, that with a 2ir forward detector, all bins are measured at the
same time. If the statistical accuracy obtained in the backward bin amounts to 4%, the
accuracy for the forward bin is 1%. The simultaneously obtained statistical accuracy
for the TT° production process will of course be better than 1%.

7 Summary

Real Compton Scattering at high s, t and u, is a hard exclusive reaction which allows
the determination of the valence quark distribution function of the nucleon. We pro-
pose to measure both RCS and 7r° photo production at around 20 GeV2 using a laser
backscattering beam installed at ELFE@DESY and a 2n forward detector to detect
the reaction products. The measurement of the two reactions is necessary to eliminate
the 7T° background from the RCS signal and can be considered to be complementary
from the theoretical point of view. It is clear that more detailed studies are necessary.
Up to now, there has been interest in this project from groups from Belgium, France,
Germany, Italy and the United Kingdom.
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1 Low-t, \ow-u domain

At energies above £ 7 > 4 GeV, the main features of the experimental differential
cross sections for pseudoscalar meson photoproduction are a strongly collimated peak
at forward (| t |< 2 GeV2) and backward (| u |< 1 GeV2) angles, corresponding to
the exchange of mesons in the t-channel and baryons in the u-channel respectively.
Regge theory [7] permits to give a simple and natural description of the smooth energy
(5

2a(<)-2) anc[ angular (eaWn(5') dependence of these peaks, where a(t) is the exchanged
trajectory.

Starting from a Feynman diagram formalism consisting of t- and u-channel ex-
changes, we have replaced the usual pole-like Feynman propagator of a single particle
(i.e. t_

l
M2 where M is the mass of the exchanged particle) by a Regge propagator. For

the pion trajectory e.g. this is given by :

\
Regge

sin{ira{t)) 2 T(l + a(t))
V-V

where £ (— ±1) is the signature of the exchanged trajectory.
In the case of the photoproduction of a pion, we have investigated the four channels

7P -» mr+, 7/) —>• pn°, ̂ n -+ pn~a,nd jn —> nn° , where the dominant trajectories are,
for forward charged pion photoproduction the vr and p trajectories, for forward neutral
pion photoproduction the p and u trajectories, and for backward pion photoproduction
the iV and A trajectories. In order to insure gauge invariance, we also have to add to
these t- and i/-channel diagrams, the s-channel nucleon exchange diagram (the "Born"
terms of the i-channel pion and u-channel nucleon exchange are not gauge-invariant).
The "reggeisation" of this s-channel diagram is inspired by the prescription as in L.
Jones [9] and is one new feature of the present model compared to various previous
works. This implementation of gauge invariance turns out to be crucial to obtain a
good description of polarization observables.

The only parameters involved are the coupling constants at the electromagnetic and
hadronic vertices. They are well established through the precise studies and analyses
of the numerous data in the resonance region [10],[12].
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1O

Figure 1: Differential cross section % /or i/ie 7/j —> mr+ reaction for different photon
(lab) energies : Z?7 = 5, 8,11,16 GeV.

The resulting model which is simple (in terms of the number of trajectories that
are exchanged), economical (in terms of number of parameters) and most importantly
consistent (with studies in the resonance region for the determination of these pa-
rameters), gives a reasonable and coherent description of all the existing data of pion
photoproduction at forward and backward angles (differential cross-sections as well as
single polarisation observables) for photon energies Ey > 4 GeV. The simultaneous
description of all the observables of the four pion photoproduction reactions which in-
volves mutual constraints is certainly highly non-trivial. Figs. 1-3 show some results
of our model.

2 Extrapolation at large

When extrapolated towards the large t (large u) region, our model falls short to repro-
duce data around 90°, when linear Regge trajectories are used. One approaches the
"hard" process regions where the experimental data exhibit a different behavior. At
scattering angles close to 90° in the center of mass frame, the differential cross-section
is more or less independent of t (plateau) and scales as 5"' with energy. This latter
behavior is simply and naturally explained by the counting rules [6] which interpret
the large pj reactions as simple scatterings of partons. Clearly, we enter the domain
of perturbative QCD (PQCD) which in principle allows us to calculate and quantify
exactly these interactions.
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Figure 2: Photon asymmetry for the reaction jp —> rc7r+
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However, from a practial point of view, PQCD calculations are very complex ( Vir-
tual Compton Scattering for example needs the calculation of 336 Feynman diagrams
in leading order). More fundamentally, down to which transfer can one still apply
perturbative QCD ? Will we succeed one day to understand the strong interaction at
the hadronic scale with QCD ? There is therefore a clear interest for a complementary
approach which would link, extrapolate between the low and high momentum transfer
regions. One of the ways to reconcile at higher momentum transfer, the Regge exchange
model with experiment and the counting rules is to assume that the Regge trajectories
saturate at -1 for t <^ 0. This can be shown to follow from a QCD motivated effective
interquark potential of the form (which is commonly used for the spectroscopy of heavy
mesons for instance) :

V(r) = - ^ + «r + V0 (2)

The first term of (2) represents the short distance part of the quark-antiquark strong
interaction. By analogy with QED and the exchange of one photon, it corresponds
to the exchange of one gluon and reflects the -^ form of the gluon propagator. The
second term of (2) represents the long distance part of the potential. The linearity in
r leads to confinement (K is the "string tension").

In the framework of standard quantum mechanics, it is a simple matter to rewrite
(2) in terms of eigenvalues of the energy (E2 = t):

where / is the relative orbital angular momentum of the quark-antiquark system. Now,
if one inverses equation (3) and analytically continues it to the scattering region (t <
0), one can easily deduce two simple asymptotic limits : the first term, corresponding
to the exchange of one gluon and therefore to the small distance part of the interaction,
is dominant as / —> — 1 whereas the second term, corresponding to confinement and
therefore to the long range interaction domain, shows a linear behavior for / —y oo. If
one identifies the exchange of one gluon to the region of hard processes (t <C 0) and
the domain of confinement to the hadron spectrum (t > 0), one can naturally consider
these behaviors as a continuous Regge trajectory a(t) which becomes linear as t -» oo
and saturate to -1 as t —y — oo.

These qualitative arguments were quantified by Sergeenko [11] who found a smooth
interpolating function between these two asymptotic behaviors for meson trajectories.
The interpolating n and p trajectories are shown in Fig. 4. Clearly, similar arguments
can be developped for baryon trajectories (the slopes of meson and baryon Regge
trajectories are similar) and we have extended the work of Sergeenko in saturating
baryon trajectories as well.

To take into account the two characteristics proper to hard processes that we have
just exposed (saturation of the Regge trajectory and counting rules), we thus adopt a
prescription inspired from [8] and modify the soft model we have presented above :

Mhard = Msoft X F3(t) X F4(t) (4)
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Figure 4: Saturation of the rr anc? p trajectories.

where A^s0/t is the amplitude of our low transfer model in which a(t) is the interpolating
trajectory of Fig. 4 and ^ ( i ) and F^t) are the form factors of the two outgoing particles
of the considered exclusive reaction (12 —)• 34).

We thus obtain an amplitude for hard processes :

• whose f-dependence is much flatter : a(t) —> — 1, there is no more an exponential
i-dependence ea^\ The differential cross-section will tend to a plateau,

• which satisfies counting rules (because of the saturating trajectory and the form
factors of the outgoing particles),

• and, which is naturally normalized by the low momentum transfer amplitude.

We present on Fig. 5 the result of this prescription for the reaction nvr+at the
two photon energies E~, — 5 GeV and E-y = 7.5 GeV. We recognize on the figure the low-
t(u) model (with linear meson and baryon trajectories) which, extrapolated to large pr,
cannot reproduce the plateau appearing around | t(u) |~ 2.5 GeV2 in the differential
cross-section. The disagreement increases as the incident photon energy rises. On the
other hand, the model with the saturating trajectory reproduces relatively well the
shape, the energy dependence and the magnitude of the large px plateau.

We also present on Fig. 6 the extrapolation at large —t of the target asymmetries
for the reaction jp —> nvr+. The extrapolation of the soft and of the hard model are to
be compared with the predictions of perturbative QCD which give a zero asymmetry
because of Hadron Helicity Conservation. It is clear that polarisation observables are a
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Figure 6: Extension at large pj of the model for the target asymmetry of jp —y mr+.

very sensitive tool to study this transition domain, from partonic to hadronic degrees
of freedom, from perturbative QCD to effective hadronic models.

3 Conclusions

We have presented in this report a Regge-based model for low momentum transfer
reactions. For the pion photoproduction reaction, data are relatively numerous and
permit to build a consistent and reliable model which is gauge invariant and whose
parameters are well determined by the precise studies and analyses in the resonance
region.

We have been looking to extrapolate our model to the large pj domain. This was
done by introducing two additional notions : the saturation of trajectories and the
introduction of form factors. The resulting "hard" model describes reasonably well the
main features of the (rare) large px experimental data.

From a practical point of view, we have here a tool which allows to describe high
momentum transfer reactions economically. With the emergence of the new high en-
ergy, high duty-cycle accelerators (CEBAF, ELFE,...) which will permit to access
experimentally these largely unexplored kinematical regions, our model can constitute
a realistic event generator for the estimation of counting rates, background, studies of
experiment feasibility.
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More fundamentally, we have here an approach alternative to perturbative QCD in
the transition region between soft and hard processes which is a step towards a more
profound understanding of non-perturbative QCD.
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Abstract

Photon Tagging in the 5-15 GeV region is considered. The advantage of
performing exclusive measurements in relation to obtainable photon flux is de-
scribed. Finally some technical problems in relation to implementing a photon
beam in the framework of the ELFE@DESY proposal are discussed.

1 Introduction

One of the principle aims of ELFE is to use a high-duty factor beam to investigate ex-
clusive and semi-inclusive reactions in order to obtain a more detailed understanding of
hadronic properties and their modifications in nuclei. Selecting out specific final states
incurs the price of smaller cross sections and thus high luminosities (say 1036/cm2.s)
are required to make such measurements feasible. In the case of electron induced ex-
periments where beam currents of 100/uA are common, achieving such luminosities is
not the intrinsic problem, it is designing large acceptance detectors that can cope with
the huge counting rates that is the main experimental challenge.

The case of real photon experiments is different as typical fluxes of tagged photon
beams are 108/s (equivalent to a few tens of picoamps). There is a limit set on the
target thickness in that one could not sensibly go beyond a few tens of centimetres.
In the case of a liquid hydrogen target this would give a target density of the order
of 1024/cm2 which combined with the maximum photon flux gives a luminosity of
1032/cm2.s. To make matters worse the flux is spread over a whole range of energies
and in the case of Bremsstrahlung is concentrated at the lower energies. The problem
of measuring small cross sections becomes therefore one of obtaining higher photon
flux. In this paper the limits on photon flux are analysed and it is shown that where
exclusive reactions are being measured higher tagged fluxes can be achieved.
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2 Limiting Factors on Obtainable Tagged Photon
Flux

As discussed in the contribution to the first ELFE Summer School [1] and references
therein the expression for the maximum tagged flux depends on the fraction of random
coincidences and is given by:

N^ = rjdP,/[r(l + f)] (1)

where r\ is the permissible fraction of random coincidences, d is the duty factor of
the accelerator, P7 is the probability a detected residual electron is correlated with
a photon at the target, r is the coincidence resolving time and / is the ratio of the
X-detector rate due to untagged photons to that of tagged photons.

In practical implementations this normally leads to a maximum flux of between
108 and 109/s which is spread over the whole tagged range. This is because a coinci-
dence time resolution between tagger and X-detector of better than Ins is not currently
possible. Of course one can increase the photon flux above this number but for ran-
dom fractions greater than 0.5 little improvement in the statistical accuracy of the
subtracted results is achieved.

This limiting flux is easily obtainable with Bremsstrahlung. In the case of photon
beams generated by laser backscattering [2] other factors can limit the flux. One
needs high power lasers (and mirrors capable of coping with them) and high electron
currents which are only available at storage beams. In this case the effect of the laser
backscattering on the beam lifetimes is crucial. In the case of a 100mA ring of total
length 850m (as at the ESRF) the total number of electrons is about 1012. In order
to have a beam lifetime of around 12 hours one can only remove about 107 electrons
per second. The HERA ring at DESY is about 6km in length and stores currents
of 30mA which leads to similar maximum fluxes. A dedicated facility with frequent
full energy injection could produce much higher photon fluxes if high power lasers can
be developed but soon one will hit the above limit imposed by random coincidences
between the tagger and X-detector.

A laser backscattered photon beam would definitely be preferable to that produced
using Bremsstrahlung as the the photon flux is spread evenly over the energy range
and high polarisations are easily obtained at the high energy end.

3 The special case of exclusive measurements

In the case of exclusive measurements where one measures all the final state particles
one can reconstruct the photon energy from the detected particles. Where the photons
are tagged one can construct the missing energy which is effectively the difference
between the reconstructed photon energy and that registered in the tagger. Cutting on
the missing energy peak greatly reduces the random coincidences between X-detector
and tagging elements. In order to exploit this potential advantage it is important to be
able to identify exclusive events. With two body final states one can exploit the strong
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kinematical correlations to select exclusive events. Also it is useful if all produced
particles are detected hence the need for high efficiency, high solid angle detectors.

Here the questions arises as to "whether one shoud tag at all?". Why not
use the two-body kinematics of the final state to verify exclusivity and reconstruct
the photon energy? Such experiments have in fact been done. Tagging, however,
provides for better photon energy resolution and better systematic errors as one does
not need a separate beam flux monitor as normalisation is achieved using the tagger
sealers. Tagging also provides a procedure for background subtraction which may be
very important.

With the above arrangement the improvement in tagged flux now crucially depends
on the systems missing energy resolution which is the combined photon and detected
particle resolution. The photon energy resolution is dictated by three main factors.
Firstly, the intrinsic resolution of the electron beam which can be worse (a few %) for
storage rings due to degradation by synchrotron radiation. Secondly, the optics of the
tagger spectrometer. Finally, the instrumentation of the focal plane. The resolution for
detected particles of course depends on the reaction and method of particle detection.
For reactions in the 10-15 GeV region one can imagine combined energy resolutions
of the order of lOOMeV. Thus one can reconstruct the photon energy within about
100 Mev and by applying the cut randoms generated by photons of other energies are
removed. In this way the maximum photon flux described above can be obtained for
every 100 MeV section of the tagged photon energy range. Thus where one covers of
the order of 10 GeV tagging range a factor of 100 is potentially available for exclusive
reactions. Note that in tagged photon experiments all photon energies are recorded
simultaneously and often theory is looking to measure the power dependence of the
reactions to probe the hard scattering mechanisms. Thus with a flux of 1010 per GeV
photon energy one can achieve luminosities in the 1034 region and cross-sections in the
nb region become accessible e.g. high p j regions in real Compton scattering or vector
meson production [3].

4 Tagging in the HERA ring
Laser backscattering is actually already performed at HERA [4]. The technique is used
as part of the polarimeter as the asymmetries in the produced photon beam reveals the
polarisation of the electron beam. An installation for doing real photon physics however
requires hall space for the detectors and a sharp bend section to momentum analyse
the residual electrons i.e. to install a tagger. This requirement is not so obviously
met at HERA where the four experimental halls are placed in straight sections of the
ring. The beam dipoles have a low field (0.16 T) and using them alone would lead to
considerable dispersion of the residual electrons along any tagger focal plane. Certainly
more knowledge of the HERA ring is needed before any strong recommendations can
be made.
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5 Conclusion

For semi-inclusive real photon work it seems one will have to be content with the 108/s
limit imposed by the tagging technique. For exclusive measurements, with good missing
energy resolution, higher fluxes can be achieved by off-line analysis cuts. In this region
laser backscattering is definitely the preferred mode of production although there is
still a need to design mirrors capable of coping with the high power laser light. More
work is required to be assess the modifications needed to implement photon tagging
in the HERA ring. The fact that the experimental halls are in straight beam sections
and that bend regions are shallow are the main problems to be overcome.

References

[1] J. A. MacKenzie pp 323-326 "Confinement Physics", Proc. 1st ELFE Summer
School, Edited by S.D. Bass and P.A.M. Guichon, Editions Frontieres 1996.

[2] A. D'Angelo pp 297-301 "Confinement Physics", Proc. 1st ELFE Summer School,
Edited by S.D. Bass and P.A.M. Guichon, Editions Frontieres 1996.

[3] J.M. Laget, Lecture Notes in Physics A365 (1990) 77

[4] Technical Design Report, The Hermes Collaboration, July 1993

56



FR9806082

GDH Sum Rule Measurement at low Q'

N. BlANCHI

INFN, Laboratory Nazionali di Frascati,
Via E. Fermi 40, I-OOO44 Frascati (Roma), Italy

The Gerasimov-Drell-Hearn (GDH) sum rule is derived starting
from a general dispersive relation for the forward Compton scat-
tering, which follows causality, crossing symmetry and unitarity
principles:

oo j o 2
f dV , x l Z7T (X 2

7 v 1/2 3/2 m 2

where v is the photon energy, 0 /̂2 and <73/2 are the absorption
cross sections for total helicity 1/2 and 3/2, and K is the anoma-
lous magnetic moment of the target nucleon. The sum rule de-
fined in eq. (1) is based on the additional assumptions of the
low energy theorems and the no-subtraction hypothesis for the
spin-flip part of the Compton scattering amplitude.

The sum rule can be evaluated for the proton, the neutron and
for the proton-neutron difference. Multipole analysis suggested
the possible violation of the sum rule, so that recently further
arguments have been proposed in order to modify the original
GDH expression. Among these the Extended Current Algebra
approach (ECA) introduced a symmetric term in the charge den-
sity commutator added to the anomalous magnetic moment term.

Due to the availability of high quality circularly polarized photon
beams, obtained from backscattered Compton laser processes or
from bremsstrahlung off longitudinally polarized electrons, and
due to the developments of new polarized targets, made of frozen



butanol or solid HD, a big effort is now being performed in sev-
eral laboratories. Five experiments are planned in order to test
the GDH sum rule from the pion threshold up to about 3 GeV
where, due to the l/v weighting factor, it is expected a conver-
gence. Therefore at the moment no improvement in the sum rule
estimate is foreseen with a new high energy photon beam.

Furthermore the GDH integral can be naturally extended to the
case of the absorption of circularly polarized virtual photons de-
duced from inclusive inelastic scattering of longitudinally polar-
ized electrons off polarized nucleons:

2 oo j

W2) = ^ / ~Wv2(Q2) - *3/2(Q
2)] (2)

which is related to the experimental asymmetries A\ and A2 and
to the polarized structure functions g\ and #2- It is easy to show
that for the high energy limit (DIS), when 7 = y/Q^/v <C 1, or
for the real photon case, when Q2 = 0, the integral is:

W2) = - \ (3)

for Q2 - 0 [GDH value]

2 ^ (4)

for 7 <C 1, where T is the first momentum of g\{x). Thus the in-
tegral I{Q2) connects the GDH expectation for real photon with
the Ellis-Jaffe integral F (for p and n) and the Bjorken integral
( for the p-n difference) in the asymptotic region, with an 1/Q2

scaling factor. In fig. 1 are shown the l/Q2-scaling of the integrals
measured in the < Q2 > ~ 2^-10 GeV2 range by different DIS ex-
periments and the real photon point predictions: it is shown that,
in order to be connected with the GDH-expectation at Q2 = 0,
a dramatic Q2-dependence of Ip with a change of sign is required
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below 2GeV2. Moreover if the ECA predictions are correct, the
Q2-dependence of Ip should be even stronger and also the Bjorken
integral 7p_n should change sign in the low Q2 region.

Several phenomenological attempts to connect the two different
regions were performed in the framework of VDM, with the in-
clusion of the A, the Roper and other nucleon-resonances ex-
citation, by using the Schwinger sum rule, from chiral pertur-
bation theory and from relativistic quark models. Very different
(^-dependences are predicted.

In order to evaluate the GDH sum rule in the low Q2-region it will
be necessary to provide a direct measurement of <Ji/2 — ̂ 3/2 or Ai,
through a Rosenbluth plot (TJNAF planned experiments) or by
comparing measurements with parallel and perpendicular polar-
ization targets (HERMES experiment). Then due to the fact that
A\ seems to be <22-dePenden*; a^ low Q2, a fine Q2-binning and
therefore high statistics and a wide and continuous kinematical
plane will be required. Finally, contrary to the real photon and
the asymptotic cases, both the resonant and the non resonant
region will give similar contributions to the sum rule.

In the Q2-region around 1 GeV2 the GDH integral measurement
will be provided by a combination of data coming from differ-
ent experiments at SLAC, DESY and TJNAF in order to put
together the resonance and the DIS regions (see fig. 2). In the
very low Q2-region close to the photon point (less than about 0.5
GeV2) the TJNAF proposed experiments seem to be not suffi-
cient to fulfill the sum rule due to their kinematical restriction
just above the resonance region. Thus the study in this inter-
esting region will be completed only by the measurements that
will performed with a higher energy upgrade of TJNAF or with
the proposed new European electron machine ELFE. In fig. 2 is
shown the kinematical region that could be covered by the three
passes 5 GeV LINAC of original ELFE design in combination
with the acceptance of the FAST spectrometer.
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• INTRODUCTION

During the Mainz Workshop, it has been proposed {1} to measure the exclusive photo and electroproduction
of O-mesons at relatively large PT on the proton and the deuteron. For the proton case, the physics motivation
is to test the two gluons (perturbative pomeron) exchange mechanisms. The new idea is to get information on
the s — s component of the proton and its contribution to the spin of the nucleon using the spin observables as
a filter to suppress, at least partially, the dominant VDM process. As far as the mechanisms are concerned, in
this kinematical domain, the perturbative Pomeron exchange is expected to dominates. Any other exchange
process like s — S or uud knock out has to be emphasized either by a good choice of kinematical conditions
where the Pomeron exchange is expected to be minimized{2,3} or by extension of measurements to spin ob-
servables able to disentangle processes beyond VDM. For the deuteron case, the mechanisms of O-meson
production on the proton being once well understood, it is aimed to use the two gluons exchange as a tool to
explore hidden color components in nuclei, each gluon being coupled to different nucleon in the target.

The purpose of this contribution is to present the ideas which are contained in these spin observables
on the nucleon able to filter and eliminate, at least partially, the dominant VDM. It is shown than the meas-
urements have to be done for two different transverse/longitudinal ratios implying electroproduction around 15
to 20 GeV at two Q2 values. The status of simulations, with a new O-meson generator which have been devel-
oped, is presented defining the feasibility criteria for the experimental device. The present contribution is lim-
ited to the case of a proton target.

• WHY O-MESON ELECTROPRODUCTION?

A fair understanding of the exclusive electro and muon production of p-meson at 4s around 10 GeV
has been well interpreted in a model where the pomeron exchange is expressed as to be dominantly a pertur-
bative two gluons exchange {4,5} for Q^ extending from 1 to 10 (GeV/c)^- At low energy, quark-interchange
mechanisms may compete in the light-quark sector. These exchanges are strongly suppressed in the heavy-
quark sector to the extent that the strange or charmed component of the proton ground state is small. In this
respect, O-meson production appears to be a much clearer test for the two-gluons exchange model when com-
pared to p-production: the O-meson being mainly made of a s — S pair, quark interchange is suppressed.
Laget and Mendez-Galin {6} have applied with success a two-gluon exchange model to the O-meson photo

and electroproduction data available in the few GeV domain at -t< 1 (GeV/c)2 {7a, 7b}. This model has
stressed an important feature concerning a destructive interference between the two main graphs where in one
the two gluons are exchanged by one quark of the photon and in the other each gluon is emitted by either the
quark or the anti-quark from the photon fluctuation: in the limit of an infinite energy, a dip, independent on Q2,

appears around -t = 2 to 3 (GeV/c)^. New calculations taking into account the energy dependence of the
transition amplitude show that the minimum is partially filled and appears enough to identify the mechanisms
only for a y* energy higher than about 15 GeV. Others processes can also be observed like S — S or uud
knock out from the proton as already mentioned. A possible observation in favor of this kind of mechanisms
has been reported by DP. Barber. {8} A possible strategy to separate those mechanisms, could be the study

of the p(e, e'<£>) at medium Q^ values (1 to 3 GeV/c^) over an extended |t| domain (1 to 4 GeV/c^) to observe
the dip or at least a change of slope. Once the two gluons exchange mechanism is identified one will have to
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measure other observables to separate this process from the knock-out processes. The interest to separate the
uud knock-out process in the domain of large |t|, is that the s — S pair in the O meson appears as it was in the
proton, giving then information on its strangeness contents. Titov calculations {3} predict, at low energy, a
strong enhancement of this mechanism at large |t| values. Calculations have to be done for the ELFE energy
domain. One straight forward way to identify this kind of mechanism, is the observation of the angular distri-
bution of the two Kaons coming from the <E> decay to disclose a non natural parity exchange. A more sophisti-
cated technique, which was already used with hadron probes {9} on nuclei, is the measurement of helicity
transfer from the virtual 7 to the <£ meson, which in fact corresponds to study the jOf distribution for opposite
incident 7* tensor polarization P z z . The study of the azimuthal distribution of 3> meson in electroproduction is

also a good way to separate the contributions of the interference terms Orr and OTL which inform us on the non
conservation of the "leptonic" helicity.

. THE SPIN OBSERVABLES.

The Leptonic Helicity-flip Probability
The idea to use the spin observables as a filter to separate the mechanisms with and without leptonic

helicity conservation is an extension of a technique already used in nuclear physics to study the spin strength
distribution in nuclei {9}. A set of spin 1 particles is statistically known if the helicity states populations are
known, or equivalently, if the total population and the vector and tensor polarizations are known. Those
quantities may be defined as well in the initial state as in the final state. Because the final and the initial state
are connected by the scattering amplitude matrix, the population and polarizations in the final state are related
to those of the initial state by linear relations {10}. The coefficients of those relations are the spin observables,
as the analyzing power Azz which gives the effect of the initial polarization on the cross-section, the polarizing
power P:~ which gives the polarization in the final state when the initial state has no polarization, and the
polarization transfer parameters J[z'z' which gives the effect of the initial polarization on the polarization in

the final state. Using those observables, the longitudinal spin-flip probabilities (or the leptonic helicity-spin
probabilities) can be obtained. Only the single leptonic helicity-spin probability $ z , which correspond to a

change of one unit of the helicity from the 7* to the O, is given here as an example:
1

1 - 9 I a '

For all mechanisms conserving the helicity, (where the SCHC rule is verified), $z must be equal to 0. There-

fore $z •*• 0 is a strong signature of an SCHC violation. This property may be used as a filter to suppress, at

least partially, the diffractive mechanisms at low ft| and then separate a possible s — S knock-out contribution.
At large |t|, it can be used to separate the two gluons exchange mechanism from a possible uud knock-out, or
to separate the contribution of the scalar from the vector part of the diquark state in the diquark model.

The Target Polarization.
If the 51 — J pair is coming from the 7* it may be expected than the target polarization has only a

small effect on the <I> polarization, but, if the s — S pair is coming from the proton, the <D polarization is ex-
pected strongly depends on the target polarization which then appears also as a good tool to disentangle the
knock-out mechanisms from the diffractive production. Moreover in the case of the uud knock-out, the meas-
urement of the O polarization for two opposite values of the target polarization may give directly the polari-
zation of the 5 — y pair in the proton.
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• HOW TO MEASURE THE HELICITY-FLIP PROBABILITY.

The measurement of the spin transfer parameters need the measurement of the tensor polarization of the O
(trough the analyze of the azimuthal distribution of the Kaons coming from the O decay), for two opposite

values of the tensor polariza-
tion of the incident 7. Plotting
the tensor asymmetry versus
the vector asymmetry on a
graph. (Fig la), it appears
that the tensor asymmetry is
always equal to 1 for a real 7
(the 0 helicity state is forbid-
den), and then this asymmetry
cannot be reversed. So the
measurement of the helicity-
flip probability must be done
in electroproduction at two

Fig lb values of Q2 associated with
opposite values of &r. In a

crude model where the transverse and longitudinal cross-sections are supposed respectively proportional to the
population of the ±1 and 0 helicity states, and if we suppose that, as in VDM, we have aL/oT=0.33(Q2/Mo2),
the correlation between the two values Q2(l) and Q2(2) where the measurements have to be done is shown on
Fig lb. Due to the lower limit introduced by the detection in the electron scattering angle, the domain where
the spin observables may be measured is limited at 0.5 < Q2 < 3 (GeV/c)2.

• THE O GENERATOR AND THE EXPECTED COUNTING RATE

0.00

0.00 8.00

A new events generator for the exclusive photo and electroproduction of O meson has been developed
at the IPN Orsay. The photoproduction cross-section is taken according to the Kemp's and Marshall's
parametrization {see ref in 7b} in the diffractive domain, then according to the two gluons exchange model for
|t| > l(GeV/c)2. In electroproduction, the Q2 dependence of the diffractive domain is given by the <£> propagator

Fig 2{7b} and by the two gluons exchange prediction in the
"hard" region. Because this dependence is not the same
in the two domain, the transition from the diffractive
production to the "hard" production was done by a
Fermi function between |tj=0.8 and |t|=l (GeV/c)2 to
avoid a discontinuity. It has been also taking into ac-
count of the Orr and GTL interference terms as well as of
the electronic analyzing power. The calculations are in
progress but predictions are not yet available for those
quantities. The virtual photon flux was calculated ac-
cording to the usual way with a cut off on Q2 at 0.15
(GeV/c)2. The K+K" decay channel of the <2> meson has
been included in the generator, up to now in the hy-
pothesis of the helicity conservation with the VDM pre-
diction for the ratio ojoj. A calculation of this ratio in
the two gluons exchange model is in progress. The
simulations using this events generator show that, with
20 GeV 7*, a transverse momentum PT= 3 (GeV/c) can be reached. The counting rates expected in electropro-
duction are given in Fig 2 for v=20 GeV with Emc= 25 GeV and a luminosity JL= 10j6 cm'Y1 and 20 days of
measurement for different values of Q2. The binning was Av= 1 GeV, AQ2= l(GeV/c)2, and At= 0.5 (GeV/c)2

or AP-r̂  0.05 GeV/c. With this binning the measurements are possible up to Q2= 3 (GeV/c)2 at least. The po-
lar and azimuthal distribution of the Kaons coming from the <I>
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decay has been performed in those conditions with a binning of A(cos9)=0.1 for the polar angle (in laboratory)
and A(\|/)=20 deg. for the polarization angle ( azi-

- L-2. io- 20 days of data taking muthal distr ibution ) ( see Fig 3 ). It appears that the
polarimetry is still possible with this binning at
Q2=2 (GeV/c)2 but it becomes difficult to have
enough precision for Q2 > 3 (GeV/c)2 at large [t|
values.

CONCLUSION

In exclusive photo and electroproduction of
vector mesons at large PT perturbative calculations
becomes possible. One of the "hard-like" mechanism
is the two gluons exchange mechanism (perturbative
Pomeron exchange). Already used in exclusive p
photo and electro production, it lead to a good
agreement with data for the Q2 dependence and for
the t dependence if |t| is not too large. At large |t|, the
quark interchange dominates. Due to the purely
strange nature of the O, the quark interchange must

be strongly suppressed relative to the light sector in the O production. The exclusive photo and electroproduc-
tion of <2> meson off the proton at large transverse momentum transfer then appears as a much clearest test of
the hard-like mechanisms as in the case of lighter vector mesons. A new idea is to extend the study of the O
exclusive electroproduction to the spin observables and to use the helicity-flip probability to filter and elimi-
nate (at least partially), the diffractive processes and other processes conserving the helicity to separate pos-
sible knock-out mechanisms. At large |t| values the uud knock-out could be important and may give us infor-
mations on the s — S pair in the proton. In that case, the utilization of a polarized target lead to the (tensor)
polarization of the (vector state) of this pair in the proton. Calculations have still to be done at the ELFE en-
ergies. First simulation shows the feasibility of the experiment up to Q2=3 (GeV/c)2 even with the spin observ-
ables measurement, which appears difficult but not impossible. A possible extension of the exclusive O photo
and electroproduction on the deuteron may give an access to hidden color component in the deuteron. First
calculation, not presented here, are already done {6} and shows the feasibility of the measurements of the
cross-sections, but the polarimetry don't seems possible in a reasonable time in that case. Some of the ideas
given here are still intuitive and much work as well theoretical as experimental is still needed.
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Abstract

We analyze the reactions 7^*' p ^ MB, with MB being either K+ A, K+ E°,
or 7r+ n, within perturbative QCD, allowing for diquarks as quasi-elementary
constituents of baryons. The diquark-model parameters and the quark-diquark
distribution amplitudes of the baryons are taken from previous investigations of
electromagnetic baryon form factors and Compton-scattering off protons. Rea-
sonable agreement with the few existing data at large momentum transfer is
achieved if the asymptotic form (oc x(l - x)) is chosen for the meson distribution
amplitudes.

Our investigation of exclusive photo- and electroproduction of mesons continues a
systematic study of hard exclusive reactions [1, 2, 3] within a model which is based on
perturbative QCD, in which baryons, however, are treated as quark-diquark systems.
This model has been successfully applied to the description of baryon form factors in
the space- [1] and time-like region [2], real and virtual Compton scattering [3], two-
photon annihilation into proton-antiproton [2]. and the charmonium decay r\c —>• pp
[2]. Like the usual hard-scattering approach (HSA) [4] the diquark-model relies on
factorization of short- and long-distance dynamics; a hadronic amplitude is expressed
as a convolution of a hard-scattering amplitude T, calculable within perturbative QCD,
with distribution amplitudes (DAs) <\> which contain the (non-perturbative) bound-
state dynamics of the hadronic constituents. The introduction of diquarks does not only
simplify computations, it is rather motivated by the requirement to extend the HSA
from (asymptotically) large down to intermediate momentum transfers (p\ ,>,4GeV2).
This is the momentum-transfer region where some experimental data already exist,
but where still persisting non-perturbative effects, in particular strong correlations
in baryon wave functions, prevent the pure quark HSA to become fully operational.
Diquarks may be considered as an effective way to cope with such effects.
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The hard-scattering amplitude T is process dependent and represents the scattering
of the hadronic constituents in collinear approximation. It consists of all posssible
tree graphs obtained by replacing the external hadrons by their valence Fock-state (in
our model a quark-diquark state in case of a baryon) and by distributing the total
momentum transfer over all the hadronic constituents by means of gluon exchange.
The model, as applied in Refs. [1, 2, 3], comprises scalar (S) as well as axial-vector
(V) diquarks. V-diquarks are important, if one wants to describe spin observables
which require the flip of baryonic helicities. The Feynman rules for electromagnetically
interacting diquarks are just those of standard quantum electrodynamics. Feynman
rules for strongly interacting diquarks are obtained by replacing the electric charge e by
the strong coupling constant gs times the Gell-Mann colour matrix ta. The composite
nature of diquarks is taken into account by multiplying each of the Feynman diagrams
with diquark form factors which depend on the kind of the diquark (S or V) and the
number of gauge bosons coupling to the diquark. The form factors are parameterized
by multipole functions with the power chosen in such a way that in the limit p±_ —>• oo
the scaling behaviour of the pure quark HSA is recovered.

The process independent DAs are, roughly speaking, valence Fock-state wave func-
tions integrated over the transverse momentum (up to a factorization scale p±_ which
depends on the momentum transfer p±). In [1, 2, 3] a quark-diquark DA of the form
(ci = c2 = 0 for S diquarks, x longitudinal momentum fraction carried by the
quark)

cb'Q oc x(l — x) (1 -+- C\X 4- c-iX ) exp

in connection with an SU(6)-like spin-flavour wave function, turned out to be quite
appropriate for octet baryons B. In order to check the dependence on the choice of
the meson DAs we employ two qualitatively different forms. On the one hand the
asymptotic DA

4>a,sy OC x ( l — x ) ,

which solves the p±_ evolution equation for 4>(x,pj_) in the limit pj_ —>• oo, and on the
other hand the DAs

<t>lz oc cj)asy{2x - if , <fcz oc ̂ [ 0 . 0 8 + 0.6(2x - I ) 2 + 0.25(2x - I ) 3 ] ,

which have been proposed in Ref. [5] on the basis of QCD sum rules. The "normal-
ization" of the meson DAs is determined by the experimental decay constants for the
weak 7r, K —> [iv^ decays.

With these DAs and the diquark-model parameters of Ref. [1] one obtains the re-
sults depicted in Figs. 1 and 2. The three production channels we are considering differ
qualitatively in the sense that K+ A is solely produced via the S[Utd] diquark, K+ S° via
the V{u,d} diquark, and TT+ n via S and V diquarks. An important consequence of this
observation is that spin observables which require the flip of the baryonic helicity are
predicted to vanish for the K+-A final state (e.g., the polarization P of the outgoing
A). For the other two channels helicity flips may, of course, take place by means of
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Figure 1: Diquark-model predictions for photo- and electroprduction of the K+-A final
state; results are shown for p^ab = 6 GeV and photon virtualities Q2 of 0 (photoproduc-
tion), 0.5, 1, 2, and 3 GeV2. The dashes become shorter with increasing Q2.
Left figure: The cross section daj jdt (solid and dashed lines), obtained with the asymp-
totic Kaon DA (f>a.Sy The dash-dotted curve is the photoproduction result obtained with
the Chernyak-Zhitnitsky DA (f^z for the Kaon. The experimental points are photopro-
duction data taken from Anderson et al. [6J.
Right Figure: Cross section ratio dcri/da? for 4>&sy (dashed lines) and 4>^z (dash-dotted
lines).

the V diquark. In all three channels the photoproduction data are better reproduced
with the asymptotic meson DA <j>a.Sy, whereas (f>cz tends to exhibit an overshooting
of the data. This finding is in line with the conclusions drawn from the investigation
of the pion-photon transition form factor [7]. There, strongly end-point concentrated
DAs, like 4>Q2 a r e a^so ruled out by the data. Photoproduction calculations within
the pure quark HSA [8] yield less satisfactory results. The difference between the two
meson DAs becomes even more obvious, if one considers spin-dependent quantities.
As an example we have plotted in Fig. 1 (right) the cross section ratios da^/daj for
two of the pieces entering the cross section for electroproduction of the K+-A state.
d&L(T)/dt can be understood as the cross section for photoproduction with a longitu-
dinally (transversally) polarized virtual photon. For the photon virtuality Q2 —> 0 the
cross section da^/dt goes over in the usual photoproduction cross section. A more
detailed discussion of 7 p —>• K + A (and also 7p —>• K*+A) can be found in Ref. [9].
This paper contains also analytic expressions for the photoproduction amplitudes and
describes in detail our calculational techniques.
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Figure 2: Diquark-model predictions for photoproduction of the A'+-£° (left figure^ and
the ir+-n (right figure,) final states; results are shown forpjah — 6 GeV. The solid lines
have been obtained with </>as3/; the dash-dotted lines with <j^z and <f>cZ> repectively. Data
are taken from Anderson et al. [6J.

To summarize: The predictions of the diquark model for 7 p -> K+ A, K+ E°, and
TT+ n look rather promising if the asymptotic form (oc x(l — x)) is taken for the meson
DAs. To the best of our knowledge the diquark model is, as yet, the only constituent
scattering model which is able to account for the large-pj_ photoproduction data. With
respect to future experiments it would, of course, be desirable to have more and bet-
ter large momentum-transfer data. Polarization measurements of the recoiling particle
could help to decide, whether the perturbative regime has been reached already, or
whether non-perturbative effects (different from diquarks) are still at work. Polar-
ization observables, in general, and also electroproduction data at large px. could put
additional constraints on the form of the hadron DAs.
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1 Introduction

Virtual Compton Scattering (VCS) on the proton: j*p —> jp is a new and rapidly
evolving field of physics [1] . At the high energies of ELFE it is a promising tool
for understanding the structure of the nucleon in terms of quarks and gluons. With
ELFE one can access large momentum transfers (s,t,u or Q2 ^> M2

ucleon) and test
the applicability of perturbative QCD in the nucleon Compton channel. Scaling laws
and sum rules are such predictions; also one can extract information about the pro-
ton valence wave function, using factorisation of the quark-Compton hard scattering
process [2]. Using an electron beam and selecting the exclusive one-photon electropro-
duction channel: ep -+ ep*y , one can make use of the interference of VCS with the
Bethe-Heitler(BH) process where the photon is radiated from an electron line. This
unique feature leads to sensitive tests, e.g. single-spin asymetries [3]. Finally, Deeply
Virtual Compton Scattering (DVCS) has recently emerged as a new exciting topic
giving access to new, off-forward parton distributions [4].

This talk is mainly devoted to feasibility aspects of VCS at the energies of ELFE.
The options for detection that are presently considered are summarized in Table 1. In
order to select the exclusive ep —> ep'j channel, in any case one must detect at least
two of the final particles in coincidence; sometimes all of them.

For simulations and count rate estimates we use cross section predictions of either
the Diquark model [3] or a pQCD calculation [5]. The main physical background to
the VCS process comes from exclusive TT° electroproduction ep —>• epn° , which cross
section may be large compared to VCS (a factor ~ 50 in photoproduction [6]).

2 Two Spectrometers

Detecting the outgoing proton and electron in two high resolution magnetic spectrom-
eters is the simplest solution (adopted at Mainz [7] and TJNAF [8]). A high luminosity
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of about 1038 cm 2.s * is required and the measurable phase space consists of a limited
domain of coplanar kinematics (azimuthal angle 4> = 0 or <f> = 180°).

The experimental resolution in this option must be good enough to make a clean
separation between the missing mass peaks of the VCS photon and of the electropro-
duced 7T°. This is easily achieved at moderate energies, but becomes more and more
difficult as energy and particles momenta increase. The main findings are the following:
1) with the DESY beam (spread AE/E = 10~3 FWHM) and the CFM spectrometers
designed for ELFE [9], very little phase space remains where the VCS/7T0 separation
is better than 5 sigmas in terms of squared missing mass (we consider 5 IT as a feasi-
bility threshold). Model calculations indicate that in this measurable phase space the
Bethe-Heitler always dominates over VCS.
2) measurements seem feasible for completely backward kinematics (7*7 center-of-mass
angle = 180°), provided the beam energy spread can be reduced by a factor ~ 3. In
this phase space region the VCS process dominates over BH, and a > 5 a separation in
squared missing mass can be achieved. One can measure e.g. the s-dependence of the
backward VCS cross section da/dQ2/ds/dt at fixed Q2 = 4GeV2, for s varying between
4 and 10 GeV2. Estimated count rates go from 103 counts/hour (at 5 = 4GeV2) to a
few counts/hour (at s = lOGeV2) within the pQCD model. Within the diquark model,
generally speaking predictions give cross sections smaller by a factor 10 to 100.

3 Two Spectrometers and a 7 Detector

The idea is to measure all the phase space that is accessible with two spectrometers.
As the VCS/7T0 separation in (ep) missing mass is generally not good enough, one
adds kinematical redundancy by detecting the photon. For example, photon angles
measured with good accuracy can be compared to the photon angles reconstructed
from the outgoing electron and proton, thus strongly reducing the TT° background.

The hard scattering region can be investigated by measuring:
1) <52-dependence of the (ep —> epj) cross section at s = 10 GeV2 and cos#7»7C.m. =
—0.75 [10]. VCS count rates are at most a few counts per hour (pQCD calculation).
2) Q2-dependence at 5 = 6 GeV2 and cos#7»7C.m. = —0.70; or a cos#7.7C.m. angular
distribution at s = 6 GeV2 and Q2 = 10 GeV2. For this value of s VCS count rates
reach a few 10 to 100 counts per hour (pQCD calculation).

Having a photon detector working at very high luminosity (1038 cm^.s"1) is not
an easy experimental problem and its feasibility remains to be investigated.

4 A Large Acceptance Detector

The specific advantage of a large solid angle detector for VCS is the ability to go
out-of-plane [10]. Namely, the BH cross section has a strong azimuthal dependence
while the VCS cross section is almost flat. So their relative importance is modulated
naturally in a (^-distribution (see fig.l). As the BH process is entirely calculable, one
can in principle identify the regions in <j) where the BH and VCS processes interfere,
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and learn about the relative phase between the two amplitudes.
Another way to enhance interference effects is to look for single spin asymmetries in

the ep —> epj cross section. They arise from BH-VCS interference, and are predicted
to be non-zero for out-of-plane kinematics. For example the diquark model predicts an
asymmetry of 20 % for s = 10 GeV2, Q2 = 0.5 GeV2, cos #7.7c.m. = 0.5 and <j> = 10°
(see fig. 2). Such measurements can be done with a longitudinally polarized beam and
unpolarized target at a luminosity of 1035 c m ' l s " 1 .

Another advantage of a large acceptance detector will be its ability to measure
particles emitted at small angle. Taking 0m,-n = 3° for the scattered electron, one can
access the high s region at low Q2 : up to s = 13 GeV2 at Q2 = 0.5 GeV2, and map
the 3-dependence of the VCS cross section over a wide s-range with good precision at
a luminosity of 1035 c m ' l s " 1 .

The three outgoing particles (e,p, 7) must be detected in order to have enough
kinematical redundancy. A coverage of the forward hemisphere is sufficient to access
most of the VCS phase space. The main requirement is a highly performant EM
calorimeter with low energy detection threshold, in order to identify and reject most
of the 7T°.

A simulation study has been done with Ethreshoid = lOOMeV in the calorimeter and
EM coverage up to 90° polar angle. Once photons from identified TT0 are rejected and
cuts are made on the measured photon angles versus the ones reconstructed from VCS
3-body kinematics, the remaining signal-to-noise ratio is about 1/3. The "noise" is
due to very asymmetric TT° decays with one photon below Ethreshoid', this single photon
background can be calculated and subtracted.

Single rate studies remain to be investigated to confirm experimental feasibility.
This is to be done in the framework of a large acceptance detector definition for ELFE
physics.

5 An Electron Spectrometer and a 7 Detector

This option seems specifically well suited for Deeply Virtual Compton Scattering, where
one must select VCS at forward scattering: t — fm,-n, #7-7Cm = 0° at high s and high

Q2.
A high resolution electron spectrometer is needed to tag the virtual photon and

accurately define the direction and energy of the "forward" outgoing VCS photon.
The latter is highly energetic and will lie in the endpoint region of the photon energy
spectrum seen by the EM calorimeter. The remaining photons, coming from hadronic
decays (TT° and others) have less energy. Provided the calorimeter is large enough to
at least partly cover the hadrons decay phase space, then in principle one gets the
normalisations necessary to perform the single photon background subtraction.
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6 Conclusions

ELFE will allow to study the exclusive reaction ep —> epj in the regime of high
momentum transfers where pQCD is expected to become applicable. Various options
for detection are under investigation and their choice will depend on the physics to
be addressed within the field of Virtual Compton Scattering. Feasibility studies are
preliminary and will be pursued further. Also new setup ideas may come out as there
is a growing interest for the physics of VCS at high energy.

We wish to thank P. Guichon, P. Bertin, Y. Roblin, and C. Hyde-Wright for discussions
and contributions to this report.
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Table 1: Experimental options for VCS detection.
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Figure 1: azimuthal dependence of Bethe-Heitler (squares), Compton (dots) and total
(triangles) ep —> ep-f cross sections at Q2 = 0.5 GeV2, s = 10 GeV2, cos#7»7C.m. = 0.5,
and Ebeam = 15 GeV (prediction from diquark model). The measurement bin width is:
AQ2 = 0.2 GeV2, AS ~ 1 GeV2 and A cos0 = 0.1. Statistical errors are smaller or of
the size of the points.
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Figure 2: ^-asymmetry of the ep —> ejrf reaction for the same conditions as in fig.l
(prediction from diquark model). The asymmetry is maximum where the BH/VCS
interference is maximum. Error bars are statistical only.
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Abstract

We present the general properties, as well as first applications, of a covariant
generalization of light-front dynamics on an arbitrary light-front surface denned
by u.x = 0, where w is an unspecified four vector with LJ1 = 0.

1 Light Front Dynamics

1.1 The need for a relativistic formalism
The description of few-body systems in a consistent relativistic framework has become
more and more relevant in the last few years, both in nuclear and particle physics. In
nuclear physics, the analysis of high momentum electromagnetic observables in order
to investigate the microscopic structure of light nuclei in terms of hadronic or quark
degrees of freedom has to rely on a relativistic formalism to describe both the structure
of the system, and its electromagnetic interactions. In particle physics, the structure
of elementary hadrons, and in particular the pion and the nucleon is, from the start, a
relativistic problem since the relevant quark masses are very low.

Among the various approaches to deal with relativity in the description of bound
(and scattering) states, we shall concentrate in the following on Light-Front Dynamics
(LFD). In the standard formulation of LFD, the wave function of the system is denned
on a plane characterized by the equation t+z/c = 0. This is to be compared to the usual
Schrodinger formalism where the non-relativistic wave function is defined on planes of
equal time (t=0 by convention), and the time evolution of the system is governed by
the dynamics. The formulation of relativistic systems in LFD has many advantages.
May be the most important one is the absence of vacuum fluctuations. This has the
important consequence that a meaningfull decomposition of the state vector describing
the system under consideration in terms of Fock components of definite number of
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particles is possible. The number of Fock components to be considered in any practical
calculation depends of course on the dynamics of the system, and on the kinematical
regime one is interested in.

The most serious drawback of this formulation is however that the position of the
light-front t + z = 0 (with c = 1) is not invariant in any rotation in the zx and zy plane.
Since these rotations change the position of the light-front, the associated generators
should depend on the dynamics and cannot be reduced to kinematical transformations
[1]. This means in practice that one needs to know the complete dynamics in order to
write down the general structure of a bound state of definite angular momentum [2, 3].
This means also that any electromagnetic operator should have the same (dynamical)
transformation properties in order to match those of the bound state wave function.
This is essential in order to guarantee that any physical amplitude is gauge invariant,
and do not depend on the particular choice of the light-front we start with.

As a consequence, one needs an explicit procedure to exhibit in a convenient way
these dynamical transformations. This is achieved in the covariant formulation of LFD
which we shall concentrate on in the following.

1.2 Covariant formulation of Light-Front Dynamics
The starting point of the covariant formulation of LFD is the invariant definition of
the light-front by:

u.x = 0 (1)

where u> is an (unspecified) light-like four vector (u2 — 0). If one specifies a particular
value of u>, i.e. for instance u = (1, 0,0, —1), one recovers the standard formulation of
LFD we presented in the previous subsection.

This definition of the light-front is explicitely invariant by any four-dimensional
rotation, or any three-dimensional rotation and Lorentz boost:

u.x = 0 =» u'.x' = 0 . (2)

As a consequence, these transformations become entirely kinematical, but ^-dependent,
and do not necessitate the knowledge of the dynamics of the system. All the dynamical
dependence on th eorientation of the light-front plane is now described by the u depen-
dence of i) the wave function, ii) the electromagnetic operator, Hi) any other operator,
in such a way that any physical amplitude should not depend on the particular position
of the light-front, i.e. should not depend on u.

All the details of this covariant formulation can be found in ref.[2]. We shall concen-
trate in the following on the main consequences for the description of physical bound
states and their electromagnetic interactions.
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2 General structure of bound-state wave functions

The wave functions of the system under consideration are the Fock components of the
state vector defined on the light front surface LO.X = a, according to:

4>(p) = (27rf

x S^(kl + k2-p-ur) (27r)f /2^ (27r)f /2^

(3)

We left out for simplicity all spin indices, if any. As we already mentioned, the energy
is not conserved at each vertex. This appears in this formulation in the delta function
in eq.(3):

h + k2 = p + UJT , (4)

where p is the momentum of the system and ki, k2 are the momenta of the constituents.
The variable r , which has the dimension of an energy (for u without dimension),
takes care of the off-energy shell effects inherent to every bound state wave function.
It is entirely determined by the on-mass shell condition for each particle, and the
conservation law (4).

It is more convenient for practical calculations, and for a direct link with non-
relativistic approaches, to use the variables k and n which are identical, in the system
of reference where k\ + k2 — 0, to the momenta k\ and u. Note that n is by definition
a unit vector, and that, in this particular reference system, pis not zero, but equal to
—nr. Moreover, one can show [2] that k2 and n.k are invariant quantities.

For a system of two spinless particles in J = 0, the wave function $(&i, k2,p,uiT) in
(3) is just a scalar function of two invariants, i.e. a function of k2 and n.k, $(fc2, n.k).
In the non-relativistic limit, the wave function would be just a function of k2. The
equation for $ generalizes the Schrodinger equation, and writes:

[4(p + m2) _ M2] $(£,n) = - ^ [$(k',n)V(k',k,n,M2)— , (5)

where V is the kernel of the equation which can be calculated for instance from the
exchange of a boson. Note that this equation is three-dimensional, and that both $
and V depend on n.

For a system of two particles of spin 1/2 (the pion for instance), the wave function
has two independent components. It can be decomposed for instance according to:

= u(k2 2

m to.p
J5v(k2) . (6)

The two components A\ and A2 are functions of k2 and n.k. They are solution of a
coupled system of equation very similar to (5).
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3 Electromagnetic observables

From very general considerations, any physical electromagnetic amplitude Jp = (p'\Jp(0)\p)
does not depend on the hypersurface where the state vector \p) is defined and, hence,
does not contain any term dependent on u>, provided the current operator Jp(0) is the
full operator. This current operator has to contain the interaction. The consistency
of the transformation properties of the current and of the state vector ensures the
independence of the matrix element of the current Jp(0) on the quantization surface
orientation.

In practical calculations however, this consistency is violated twice: i) the current
is usually taken in the impulse approximation, and therefore corresponds to the free
current and ii) the state vector is approximated by its two-body component. Due to
these reasons, the vertex Jp acquires spurious contributions proportional to UJP. They
are however completely explicited in our covariant formulation, while they are hidden
in the usual formulation of the light front by t + z = 0.

3.1 The pion form factor

As a simple example, let us consider the pion form factor. It is easy in that case to
write down the general structure of the electromagnetic amplitude:

Jp = (p + P')PF(Q2) + Up^±^-B1 (Q2) . (7)

For the exact, on-shell physical amplitude the form factor B\(Q2) is zero. In any
approximate calculation it is not. In the relativistic regime, and in the impulse ap-
proximation for instance, it can be as large as the physical form factor F(Q2). One
thus needs a definite prescription in order to extract the physical form factor from the
theoretical amplitude Jp, at any step in the approximations which are made. For the
case of J = 0 systems, this is rather simple since, with a;2 = 0, one has:

In the usual light-front formulation, with to — (1 ,0,0,-1) , eq.(8) corresponds to
expressing the form factor through the J+ component of the current. This is already a
well known procedure. However, this procedure cannot be extended to the calculation
of physical form factors of systems with total spin 1/2 and 1 [4, 5], as we shall see in
the next subsection.

In the asymptotical region (very high momentum transfer), the form factor is dom-
inated by the relativistic A2 component. This one can be calculated easily, in this
domain, by one-gluon exchange interaction. The usual l/Q2 behavior is recovered.
Note that in the case of spinless particles (the Wick-Cutkosky model), where the wave
function has only one component, the form factor behaves like l/Q4 at very high
momentum transfer. This formulation enables a straightforward generalization to non-
leading contributions involving the transverse momentum degrees of freedom.
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3.2 The nucleon form factors
The electromagnetic physical amplitude for a spin 1/2 fermion is determined by the
two standard form factors:

Jp = Fx{Q2)u'lpu + lI^lu'ap^u , (9)

with usual notations.
Like in the case of spin 0 and 1, the dependence of any approximate electromagnetic

amplitude on the extra four-vector u increases the number of independent terms in the
decomposition of the amplitude. Besides the two structures entering in eq.(9), one can
construct the following three structures:

uu up , —uu^u up , uu^u Pp , (10)
u.p \u.p)2 u.p

where P = p + p'. One should thus extract the ^-independent contributions from
these terms. The first two ones are explicitly ^-dependent, but the third one has a
piece which is (^-independent after contraction with the spinors. It has therefore to be
included as a contribution to the physical form factors. The exact procedure to follow
in that case has been derived in ref.[4]. Note that the standard procedure to calculate
the form factor in terms of the + component of the current (i.e. in our formulation
from the product J.u) is not enough to get ride of the (^-independent contributions.
That means in practice that the form factors extracted with this procedure acquire
non-physical contributions due to the particular orientation chosen for the light-front.
It turns out that the electric form factor is however the same, but the magnetic form
factor differs sizeably, already at Q2 = 0. To estimate these spurious contributions, we
can calculate the electric and magnetic form factors in both approaches in a simplified
quark model [4].

At zero momentum transfer, the difference G'M(0) — GM(0) obtains the simple form:

3m2 '

where GM is the form factor calculated after separation of the unphysical cj-dependent
contributions, while G'M is calculated from the + component of the current, and in-
cludes therefore spurious contributions. Here (k2) is the average quark momentum.
The difference between G'M and GM is of course of relativistic origin. The ratio GM/GM

of the two form factors can be as large as 1.5 at intermediate Q2. It shows that a careful
treatment of the cu-dependent contribution is essential in order to extract the contri-
butions to the physical form factors, at any step of the approximations.

The extension of this work to deal with the exact structure of the nucleon wave-
function (it has eight components), in the high momentum transfer limit, is under way.
The scaling behavior of the electromagnetic form factors in l/Q4 is recovered at high
momentum transfer. The application of this formalism to non-leading contributions
coming from the transverse momentum degrees of freedom is under investigation.
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Modelling the nucleon wave function
from soft and hard processes
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Abstract

Since current light-cone wave functions for the nucleon are inconsistent with
the data on the nucleon's Dirac form factor, a new wave function is suggested
respecting theoretical ideas on its parameterization and satisfying constraints
from experimental data.

There is general agreement that the conventional hard scattering approach [1] gives
the correct description of exclusive observables in the limit of asymptotically high
momentum transfers. This framework relies upon the factorization of hadronic am-
plitudes in perturbative, short-distance dominated hard scattering amplitudes and
process-independent soft distribution amplitudes (DA). In order to challenge arguments
against the applicability of the hard scattering approach in experimentally accessible
regions of momentum transfer [2] a modification of this scheme has been proposed by
Botts, Li and Sterman [3] in which the transverse hadronic structure is retained and
gluonic radiative corrections in form of a Sudakov factor are incorporated. By sup-
pressing the dangerous regions of soft partonic momenta this more refined treatment
of exclusive observables allows to calculate the genuinely perturbative contribution. In
the particular case of the nucleon's Dirac form factor it is however shown in Ref. [4]
and further confirmed in Ref. [5] that its perturbative contribution is much smaller
than the experimental data.

The smallness of the perturbative contribution is, as we believe, not a debacle, but
seems to be fully consistent within the entire approach. In addition to the perturba-
tive one there is the usually neglected Feynman contribution from the overlap of the soft
initial and final state wave functions. As was shown in Ref. [2] this soft contribution is
indeed large for a number of examples. For the end-point concentrated wave functions
like those based on the COZ DA [6], the Feynman contributions even exceed the ex-
perimental data [7] on the Dirac form factor of the nucleon, Ff*, by large amounts. On

this work will be supported by the Deutsche Forschungsgemeinschaft
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the other hand completely (permutation) symmetric wave functions like the asymptotic
one yield zero for the neutron form factor F™. Thus, a new (valence Fock state) wave
function of the nucleon has to be constructed, which provides a Feynman contribution
that completely controls the Dirac form factor at momentum transfers around 10 GeV2.
Admittedly, this requirement does not suffice to determine the wave function; further
constraints are needed.
To this end we use the available information on the parton distribution functions qv(x)
[8]. At large x^0.6 qv(x) is predominantly fed by the valence Fock state which con-
tributes by the modulus squared of its wave function, integrated over transverse mo-
menta up to Q and over all fractions except those pertaining to partons of type q.
As a third constraint we consider the decay reaction J/^ —> NN. This process is
expected to be dominated by the perturbative contribution with three intermediate
gluons. In contrast to previous analyses as e.g. [9] this process will be calculated
within the modified perturbative approach of Ref. [3].
Employing a parameterization of the wave function that complies with theoretical
ideas we then determine the few (actually two) parameters of the wave function from
a combined fit to the data of the three reactions just mentioned, trying to reproduce
the prominent features of the input. More details on this procedure can be found in
Ref. [10]. We make the following ansatz for the nucleon's valence Fock state wave func-
tion (by which we mean the amplitude to find u^u^d^ inside a positive helicity proton)

(1)

(2)

In (2) JN{^F) plays the role of the nucleon wave function at the origin of the configu-
ration space and the factorization scale is denoted by fip. ^(x^fip) is the nucleon DA
and the particular form (j)ff(x) = \2Qxix2xz is the asymptotic (AS) DA [1]. Generally
<j>N is expanded in a series of eigenfunctions ^(x) of the evolution kernel [1].

As has been found empirically the simple DA

4>N(x) = KS(x) [l + jfyx) + l-4>%(x)] = 4>A
N

s{x)1- [1 + 3*!] (3)

meets all requirements and a larger flexibility in the DA by more free parameters does
not improve the results substantially. The only free parameters left over in this case,
namely /jv and a, are determined by a fit to the data for the three processes mentioned
above and take on the values fN = 6.64 • 10~3 GeV2 and a = 0.75 GeV"1. The fitted
wave function implies reasonable values for the probability of the valence Fock state
(P3? = 0.17) and the rms transverse momentum (411 MeV). Our value for /N roughly
agrees with values obtained from QCD sum rules (5.0 • 10~3 GeV2 [6]) and lattice QCD
((2.9 ± 0.6) • 10-3 GeV2 [11] and 6.6 • 10~3 GeV2 [12]).
The DA (3), displayed in Fig. 1, possesses interesting features. It is much less asymmet-
ric and less end-point concentrated than the COZ-like DAs. Our DA rather resembles
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Figure 1: The DA (3) as a function of x\ and x3.

the AS one in shape but with the position of the only maximum shifted to x\ = 0.44,
x2 — x3 = 0.28. Thus, as the COZ DA but to a lesser amount, our DA possesses the
property that, on the average, a u-quark in the proton carries a larger fraction of the
proton's momentum than the d-quark.
The results for the valence quark distribution functions obtained from the fit are shown
in Fig. 2. The effect of the asymmetric part of our DA provided by the eigenfunctions
4>l

N and cj>2
N is clearly visible in Fig. 2: It pushes up uy at large x and diminishes dy at

the same time, thus producing a ratio uy : dy of about 5:1.

In Fig. 3 we show the results for the Feynman contributions to the proton and
neutron form factors in comparison with the data [7]. We emphasize that the results
for the neutron form factor are genuine predictions. It can be seen that the asymmetric
part of the DA (3) is solely responsible for the neutron form factor (pushing it down
from zero to a negative value) and pushes up the Feynman contribution to the proton
form factor (see the difference between the solid and dashed lines in Fig. 3). For Q2

smaller than about 8 GeV2 the fit is somewhat below the data which may be attributed
to the presence of higher Fock states (remember P3q = 0.17).
Our wave function provides the value 0.117 keV for the three gluon contribution to the
nucleonic J/ifi width. Before comparing the result with experiment (0.188 ± 0.014 keV
[13]) the following remarks are in order: First there is an additional electromagnetic
contribution to this decay with a one-photon intermediate state which may increase
our prediction by up to 30 %. Second there are NN pairs with equal helicities (about
10 % of all pairs), not accounted for in the present calculation. Finally, there are
uncertainties in the values of the J/ip decay constant /$ and AQCD- Thus, we conclude
that our wave function (2), (3) provides a reasonably large three gluon contribution to
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Figure 2: Valence Fock state contributions to the valence quark distribution functions
of the proton at Q2 — 1 GeV2. The open circles represent the parameterization of
Ref. [x2]. The solid line is obtained from the FIT wave function ([x3]), ([x4]) and the
dashed line from the AS wave function with / # and a as for the FIT wave function.

the J/ip —»• pp decay width. In contrast to previous calculations of this width carried
through in collinear approximation [9], our average as (being 0.43) is consistent with
the available scale in the J/tf; decay which is provided by the c-quark mass.
We have constructed a new model wave function for the nucleon from constraints on
the Feynman contribution to the proton Dirac form factor, the quark distribution
functions and the decay width of J'jij) —v NN. We conclude that some asymmetry in
the wave function is necessary to fulfill the constraints, but for the resulting FIT wave
function this asymmetry is so less pronounced that the FIT DA rather resembles the
asymptotic one in shape. Finally, from our studies of the Dirac nucleon form factors
we stress that one should not use the COZ-like nucleon DAs any longer for studies of
exclusive observables.
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Abstract

The advent of new electron accelerators with few-GeV beam energies makes
the (e, e'p) reaction a promising tool for investigating new aspects of the electro-
magnetic interaction. To this purpose it is crucial to set the scale of Final-State
Interactions (FSI) at high ejectile energies. Usually, the problem is faced by
mutuating well-established results of the Glauber method in the framework of
elastic (p, p) scattering. Since the generalization of this eikonal approximation
to the (e, e'p) case is not straightforward, we have tested it and also analyzed
the constraints which allow for a meaningful comparison with (p, p) reactions. It
is argued that the features of the angular distribution for a completely exclusive
(e,e'p) reaction and the corresponding elastic (p,p) scattering may represent a
convenient tool to disentangle effects related to the (hard) electromagnetic ver-
tex, such as Color Transparency (CT), from other effects related to genuine FSI.

With the advent of new electron accelerators, whose beam energy will range from
the few GeV of CEBAF to roughly the 30 GeV of the planned ELFE setup, exper-
iments with electromagnetic probes are expected to reveal new physics, particularly
on processes like (e, e'p) scattering. In particular, exotic effects such as Color Trans-
parency (CT) are predicted by the perturbative QCD to be the dominant mechanism
at high Q2. However, the experimental signal of these effects is expected to be small
in the energy domain explored at CEBAF and ELFE. Therefore, a reliable model for
FSI is needed to verify the CT prediction. In the present literature the problem of
FSI is usually faced by mutuating the Glauber method from the theory of elastic (p, p)
scattering, where this approach has a long well-established tradition of successfull re-
sults. However, its generalization to the case of (e, e'p) is not straightforward, mainly
because the kinematics and the state of the initial proton are completely different.
Moreover, the Glauber method is based on the eikonal approximation in a completely
nonrelativistic formalism and its success arises from nontrivial cancellations among the
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leading corrections to the lowest-order theory of elastic scattering [1]. While in the
case of the only available data for (e, e'p) at high energies [2] the application of this
approach in its most straightforward form leads to an overestimation of the damping
of the outgoing-proton flux at small angles.

By considering completely exclusive (e, e'p) reactions, where the spectator nucle-
ons are in a well defined state, only coherent rescatterings must be considered which
correspond to the one-hole excitations of the target. In this case the Glauber method
has been shown to be formally equivalent to the optical model in the framework of
the Distorted-Wave Impulse Approximation (DWIA). The latter has been widely and
successfully applied to (e, e'p) reactions on a variety of complex nuclei for momen-
tum transfer q and proton momentum p below 0.5 GeV [3]. Since our interest is here
focussed on FSI, in our calculation we disregarded any information on the electro-
magnetic vertex, such as the current operator or the nucleon form factor. With this
approximation the cross section becomes proportional to

| | drda (1)

which is traditionally identified as the "distorted" spectral density S® [3] for a hole
with quantum numbers a. Here, tpa is the phenomenological solution of a Woods-
Saxon well which describes the initial bound state with quantum numbers a, and x'~^
is the scattering wave function obtained by solving the Schrodinger equation with a
phenomenological complex optical potential V including also spin degrees of freedom.
At high projectile energies, the Schrodinger equation can be reduced in the Glauber
approach [4] to a differential equation of the first order whose solution has the typical
eikonal form

where z is the longitudinal coordinate of the knockout point.
For meaningful comparison between the optical model (labelled DWIA, for conve-

nience) and the Glauber method we selected outgoing-proton momenta in the interme-
diate range 1 < p < 4 GeV and we solved the Schrodinger equation up to Lmax = 120
to reach stability for the solution [5]. We selected a potential V of the form

—±7=ir2-, (3)
1 + e~s~ q0

with W/q0 = 50/1400 MeV in order to reproduce the constant 40% damping of the
proton flux for various choices of p ~ q observed in the NE18 experiment [2]. We put
also U = 0, since the Glauber model itself predicts the ratio U/W to be small and we
checked that the results are actually rather insensitive to the sign and magnitude of U
[5]. The parameters R, a are adjusted to the nuclear target considered.

In Fig. 1 the distorted spectral function Sfx^2 is shown as a function of the missing
momentumpm = p — q for the 12C(e, e'p)11Bsl/2 reaction at q = p = 4 GeV. The dotted
line represents the result in the socalled Plane-Wave Impulse Approximation (PWTA),
i.e. with no FSI. The solid and dashed lines are obtained with DWIA and the Glauber
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Figure 1: The distorted spectral density S^^ as a function of the missing momentum
pm = p—qfor the 12C(e,e'p)nBsi/2 reaction with p — q = 4 GeV. The dotted line shows
the PWIA result. The solid and dashed lines are the results of DWIA and Glauber,
respectively (see text).

method, respectively. The agreement between the two models for FSI confirms that the
eikonal approximation is already reliable at these energies. The rich diffractive pattern
of the angular distributions is partially due to the PWIA contribution. However,
at large angles, i.e. for pm ̂ > pFermb the pure FSI contribution dominates and the
distribution starts differing even by one order of magnitude from the PWIA result.
The diffractive pattern at large angles (or equivalently at large transverse missing
momenta) is reminiscent of a similar trend in the elastic (p,p) scattering. Therefore,
it is quite natural to try to deduce information on FSI by the comparison between
the two different reactions. An expression for (p, p) scattering similar to 5^/2

 c a n ^e

written as [6]

SDD(q) = <x)|2 ~ | / drda

= | / d r p(r) (4)

where the sum over the possible intermediate states tpa formed by the proton and
the target is approximated by the target nuclear density p{r). The change in the
proton momentum, pj — p{, is by construction perpendicular to the average direction
z' = [z\ + z't)/2, because at high proton momenta the angular deflection between
the final and initial trajectories is usually small [6]. By applying the same eikonal
approximation to the (e,e'p) case, Eq. (1) becomes

~ \ J drxl>al/2(r) e-'ip™-r e* f-< 'V(r±,z')dz'

(5)

(6)
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Figure 2: The solid line represents S^/2 in the same conditions as in Fig. 1. The
short-dashed line shows the result when the further approximation of Eq. (6) is applied
(see text). The long-dashed line refers to the transition probability SDT) of Eq. (4) (see
text) for the n55 l /2(p,p)uB s l /2 reaction in the same kinematics.

where the z dependence of the damping factor can be neglected only if pm _L z [6], which
corresponds to the condition pj — p{ _L z' in the (p, p) case. In Fig. 2 the solid and
short-dashed curves represent Eq. (5) and Eq. (6) for the 12C(e, e'p)uBsl/2 reaction at
p = q = 4 GeV, respectively. The similarity of the two curves confirms the insensitivity
to the longitudinal position of the knockout point z, provided that pm _L z. Assuming
that at high missing momenta the 5 ^ ,2 is more sensitive to the damping factor than
to the details of the bound state ipsi/2, a v e r v close similarity can be recovered also
between Eq. (4) and Eq. (6). The corresponding long- and short-dashed curves in
Fig. 2 show, after the threshold of the first diffractive minimum, the same universal
angular pattern, thus confirming the previous assumption on the FSI dominance at
large deflection angles.

In summary, we found that for the exclusive 12C(e, e'p)nBsl/2 reaction at proton
momenta 1 < p < 4 GeV the FSI can be safely treated by the eikonal approximation to
the scattering proton wave and they become dominant approximately beyond deflection
angles such that the missing momentumpm exceeds the pFermi of the target nucleus. At
large angles (or largely transverse pm) the total result is completely different from the
PWIA prediction and shows the same universal diffractive pattern of the corresponding
elastic 11Bsl/2(p,p) reaction at the same proton energy and momentum. Since no
information was put in the calculation about the interaction vertex, any deviation
from the previous picture must be ascribed to the details of the reaction mechanism.
In particular, if any CT had taken place, the signature would be the absence of any high
missing-momentum tail due to FSI. The traditional strategy has been so far to search
for variations of the nuclear damping in the outgoing-proton flux, particularly at small
missing momenta. However, very precise and unambiguous results must be obtained
to this purpose. From previous comments it could be equally convenient to analyze the
angular distribution for completely exclusive reactions in high-precision measurements.
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Moreover, from the comparison with the diffractive tail of the corresponding elastic
(p,p) distribution further insight into the reaction mechanism could be gained and
additional constraints to the parameter sensitivity of the FSI treatment could be found.

This work has been done in collaboration with A. Bianconi.
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This talk gives a brief review of the progress that has been made in calculating the
properties of hadrons in strong QCD. In keeping with this meeting I will concentrate on
those properties that can be studied with electromagnetic probes. Though perturbative
QCD is highly successful, it only applies in a limited kinematic regime, where hard
scatterings occur, and the quarks move in the interaction region as if they are free,
pointlike objects. However, the bulk of strong interactions are governed by the long
distance regime, where the strong interaction is strong. It is this regime of length
scales of the order of a fermi, that determines the spectrum of light hadrons and
their properties. The calculation of these properties requires an understanding of non-
perturbative QCD, of confinement and chiral symmetry breaking.

Figure 1: Modelling p electroproduction.

As an example, let us consider a process much discussed at this meeting, the elec-
troproduction of vector mesons, e.g. ep —> epp. Can we calculate this in strong QCD ?
The diffractive mechanism, the Pomeron part P , is largely phenomenological [1], and,
at present, not amenable to calculation. Nevertheless, we can imagine modelling the
process. Fig. 1. in terms of factorisable components, some of which are under con-
trol [2]. First the 7* —I qq : the quarks are fully dressed with gluon clouds giving the
whole interaction a spatial extent. Following this, the quark and antiquark propagate
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and then after the Pomeron interaction form a bound state, Fig. 1. Importantly, each
of these building blocks depends on the even more basic Green's function, the gluon
propagator, but how are they to be calculated ?

Perhaps the best known way of performing computations in strong QCD involves
the lattice construct. However, this is not well suited to these particular problems.
Firstly, the up and down quarks, having current masses of a few MeV, do not fit on a
lattice of the size of several fermis. Moreover, as a result of the small u, d quark masses,
the pion is light — the Goldstone boson of chiral symmetry breaking. Consequently, the
emission of pions is the commonest of all hadronic processes. However, the creation of
qq pairs involves a complex determinant on the lattice and so this key physics is often
deliberately suppressed in the quenched approximation. Consequently QCD in the
continuum is the natural way to study such problems [3] and progress in this direction
using the Schwinger-Dyson equations is what I will briefly outline.

www^^ = wvww^ — . / V N / N / W * A ^

Figure 2: Schwinger-Dyson equations for fermion, boson and vertex in QED. The dots
mean the Green's functions are fully dressed.

To explain the technique and illustrate recent theoretical progress, I will begin by
describing a slightly different strong physics problem : dynamical mass generation.
For pedagogical simplicity I will consider QED, but we shall shortly see this problem is
closely related to chiral symmetry breaking in QCD. We study the field equations of the
theory, the Schwinger-Dyson equations (SDEs). We begin with the 2-point functions,
the fermion and boson propagators. Fig. 2. We can imagine solving these coupled
equations for the full (dressed) fermion and boson propagators — provided we have an
ansatz for the fermion-boson vertex. However, this 3-point function satisfies an SDE too
relating it to 2.3 and 4-point functions and the 4-point function satisfies its own SDE ...
and so on ad infinitum. Consequently, the theory is defined by an infinite set of nested
integral equations, which of course cannot be solved without some truncation. The best
understood truncation scheme is perturbation theory, in which each Green's function
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is expanded in powers of the coupling. This not only gives a systematic procedure,
but importantly this respects gauge invariance and multiplicative renormalizability
order-by-order. However, we want to know when a fermion mass can be dynamically
generated, even when it's bare mass is zero. This is a non-perturbative (strong physics)
problem, since it is well-known that if the bare mass is zero, then the mass is zero to
all orders in perturbation theory. We therefore need a non-perturbative truncation. It
is here that progress has been made by recognising that ensuring gauge covariance and
multiplicative renormalisability at each level of truncation, the physics of the neglected
higher point Green's functions is effectively pulled into the lower ones. This is readily
illustrated in quenched QED. If a crude truncation is made and the vertex treated as
bare (the so called rainbow approximation), then it is well-known that a non-zero mass
is generated if the interaction is strong enough, a = e2/47r > ac = 7r/3 in the Landau
gauge, as first found by Miransky [4]. This means a massless electron would, in the
field of a highly charged nucleus with effective coupling Za > 7r/3, no longer move at
the speed of light (in hypothetically quenched QED). The mass and critical coupling
should be gauge independent. However, explicit calculation shows these to be strongly
gauge dependent. This is a consequence of the unphysical truncation of the fermion
SDE. If instead, one ensures that the vertex, the fermion-boson interaction, respects
gauge covariance and multiplicative renormalizability of the fermion propagator, a
gauge independent mass and critical coupling occur [5]. This marks progress in the
study of the SDEs and ensures basic physics is retained in the truncation.
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Figure 3: Representation of the alternative claims for the momentum dependence of
the Landau gauge gluon propagator.

Within this framework, we turn to QCD and its first building block, the gluon prop-
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agator. In covariant gauges, a full treatment is not yet possible : the quartic gluon
coupling is suppressed and the ghosts treated perturbatively, for example. The pure
glue theory is first considered and three distinct behaviours have been claimed for the
momentum dependence of the (gauge variant) gluon propagator A(p2). While each
agrees, thanks to asymptotic freedom, with renormalization-group improved perturba-
tion theory at large momenta, in the infrared they are distinct : (i) is enhanced [6,7],
(ii) is softer than the bare propagator [8] and (iii) is vanishing when p2 -» 0 [9] (Fig. 3).
What has been understood in the last few years is that only the enhanced form is a
solution of the truncated SDE. The softened behaviour is not possible with the correct
sign for the loop corrections [10] and the infrared vanishing propagator occurs if the
vertex has massless coloured singularities and the Green's functions are complex in the
spacelike region, where they should be real. Moreover, the infrared enhancement has a
scale directly proportional to KQCD-, i-e- &(p2) ~ ^QCD/P4 [?]> s o *na* * n e stronger the
interaction the smaller the size of hadrons. Such a gluon propagator generates a Wilson
area law [11] and does not have a Lehmann representation required of an asymptotic
state [3]. Consequently, the gluon is confined by this strong self-interaction. While
lattice results claim to support a gluon mass and not this enhanced behaviour, they do
not yet reliably probe momenta low enough to differentiate.

Now what effect does the infrared enhanced behaviour have on the quark prop-
agator? Just as in strong QED, the interaction is sufficient to generate a non-zero
dynamical mass : the virtual gluon cloud gives weight to a quark, even if it's bare
mass is zero. A non-zero (qq) condensate is created and the quark propagator is found
to have no timelike pole : again signalling confinement [3]. A gluon with infrared
behaviour other than enhanced fails to produce this confinement property [12]. While
complex singularities do arise in the momentum plane, these may be merely due to
imperfections in the truncation or the numerical procedures and so suggest that the
quark propagator is an entire function. This would mean that it had an essential singu-
larity that would prohibit the Wick rotation from Minkowski to Euclidean space used
in many calculations here and in lattice work. This is an issue requiring more study,
but such an essential singularity may be the price to pay for having no free coloured
states.

In principle, a complete coupling of the quark and gluon equations is really needed
and steps have been made in this direction (at least in the case of unbroken chiral
symmetry [13]). This would allow the determination of the u and d quark propagators
in terms of AQCD

 a n d the current masses, m/?, in some renormalization scheme. How-
ever, pending such detailed computations, a model gluon propagator has been used
with a phenomenological scale, K, marking the divide between the strong coupling and
perturbative regimes [14]. One can then use the output quark propagator to build the
Bethe-Salpeter (or bound state) amplitudes for meson states by a suitable modelling
of the 4-quark kernel (something in principle determined by the SDE for the 4-point
function). To date approximating this by dressed one gluon exchange is all that has
been used. However, as shown long ago by Delbourgo and Scadron [15], this is suf-
ficient to ensure that, with a non-zero (qrg)-condensate. massless pseudoscalar bound
states arise and chiral symmetry is spontaneously broken. This is unique to an infrared

102



enhanced gluon. The two parameters, K and m^, are fixed by the pion mass and its
decay constant [14].

We can then switch on electromagnetic interactions and calculate the pion e.m.
formfactor. Again in principle this really requires a computation of the full ITTT^ in-
teraction. However, in practice, we may model this in the impulse approximation by
the graph of Fig. 4, in which we now know all the components, the vertices and prop-
agators. As shown by Craig Roberts [16], this gives a good description of experiment
in the spacelike region, Fig. 5, and the behaviour is like ~ l/Q4 (modulo logarithms)
even out to Q2 ~ 35(GeV/c)2. This beautifully highlights how non-perturbative, long
range, interactions play a role out to large momenta and explains why the perturbative
result does not apply at present momenta.

K

Figure 4: Pion electromagnetic form-factor in the impulse approximation.

We can in turn compute the (^-dependence of the pion transition form-factor for
TT̂y _> -y*̂  m a similar approximation. Frank et al. [17] found this to be in reasonable
agreement with data both old and new [18]. In contrast, Al Mueller has emphasised [18]
that these data present an uncontroversial and unambiguous test of perturbative QCD.
It is clear that data at larger momenta, plus refinements of the calculation presented
here, e.g. a more complete scattering kernel, as well as higher orders in perturba-
tion theory, are all needed before such claims and counter-claims can be regarded as
substantiated.

Lastly, we can go back to electroproduction of the p-meson. This has been modelled
by Pichowsky and Lee [2]. The p-Bethe-Salpeter amplitude has parameters fixed by
p —> e+e~ and p —>• TTTT decay rates. The agreement with the t and (^-dependences
is good, but clearly this is crucially affected by the assumed coupling of the Pomeron
to dressed quarks. The result is encouraging, but not yet a definitive prediction. The
pion electromagnetic and transition form-factors are much more direct. They provide
an experimental probe of the infrared behaviour of the gluon that controls confinement
and chiral symmetry breaking : properties fundamental to the hadron world. This
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Figure 5: Pion electromagnetic form-factor prediction compared with experiment [16].

programme has a long way to go, but I hope you are convinced it has come far.
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Abstract

The description of exclusive reactions at high momentum transfer relies on
the Hard Scattering Picture of Quantum ChromoDynamics. Particularly, the
electromagnetic interaction with a nucléon at high enough Q2 is predicted to
select small transverse size components of the valence wave function. The evolu-
tion of these small components in a nuclear medium is characterized by a reduced
interaction significant of the occurence of color transparency. The present report
is a feasability study of a color transparency experiment in the deuterium in the
context of the ELFE/DESY project. It is shown that the availability of such
an electron facility allows uniquely to study accurately color transparency and
therefore contributes to the understanding of the non-perturbative mechanisms
of Quantum ChromoDynamics.

1 Introduction

Exclusive processes at large momentum transfer give direct access to the valence wave
function of the nucléon. In that energy range, where the factorization scheme allows
to disentangle between the perturbative part of the electromagnetic interaction and
the non-perturbative part of the wave function, elastic form factors scale according to
a well-known law [1, 2]. For the nucléon, this transition appears precociously around
Qo=2 GeV2/c2. The precise understanding of the advent of the scaling regime neces-
sitates more dynamic observables. This is the goal of the color transparency program
in (e,e'p) scattering off A mass nucleus.
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For a given nucleus, the color transparency signal can only be seen if the Lorentz
boost is large enough to permit the ponctual component selected by the electromag-
netic interaction to leave the nucleus without interacting. Such a constraint leads
to relatively large momentum transfer about Q2 ^A1^3 GeV2/c2. For heavy nuclei
(A>12), Q2 is by far larger than Q2,, meaning that this regime is not appropriate for
the understanding of scaling. It is therefore necessary to investigate cautiously (e,e'p)
scattering off light nuclei (A=2,3).

The relevance of that argument motivates a growing interest in the search of color
transparency effects in light nuclei [3, 4, 5]. New exploratory experiments at CEBAF [6,
7] will study the (e,e'p) scattering off 2H and 3He in the momentum transfer range 2-
5 GeV2/c2. However, the present knowledge of the interaction of the mini-hadron
with the nuclear medium promotes a higher Q2 range to pin down color transparency.
Combined with the rapid fall off of the (e,e'p) cross section at CEBAF energies, this
strongly supports the investigation of color transparency in light nuclei by means of
higher beam energies as would be available at the ELFE/DESY facility.

The present work reports on a feasability study of a color transparency experiment
in the deuterium in the 15-25 GeV beam energy range. After a brief description
of the reaction model, kinematics and counting rate are presented for two different
instrumental options, namely, a pair of high resolution spectrometers [8] and the large
acceptance detector MEMUS [9, 10]. The distortion of the color transparency signal
through experimental resolution and radiative losses is also investigated.

2 On-Shell Rescattering and Color Transparency

Electrodisintegration of the deuterium has been investigated theoretically by many
authors. The present study focusses on the on-shell rescattering model that has been
proven sucessfull in some other context [4].

The cross section of the 2H(e,e'p)n process at high momentum tranfert consits of
two dominant interfering amplitudes: the quasifree and the rescattering contributions.
The quasifree part involves the single interaction of the electron with a moving proton,
that is essentially the elastic electron scattering convoluted with the deuteron wave
function; the neutron remains here spectator. The rescattering contribution takes care
of the additionnal interaction between the struck proton and the neighbouring neu-
tron, that is in essence color opacity. While the imaginary part of the rescattering
amplitude involves predominantly the interaction between two on-shell nucleons, the
real part remains small and even vanishes when the imaginary is maximum. It ensures
a marginal contribution of off-shell effects and allows to describe the interaction prob-
ability through the well-known proton/neutron cross section. This establishes in turn
the reaction process model on a firm basis. Color transparency effects will appear then
as a deviation from this reference.

In order to get a flavor of the expected effects, color transparency is introduced by
means of a toy model [4]. Its main feature is a decrease of the interaction probability
when the distance between the nucleons is smaller than the distance needed for the
mini-hadron to recover his normal size. In addition, this cross section reduction scales
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with the transverse size of the selected ponctual component.
Independently of any color transparency model, the expected effect is a reduction of

the final state interaction between the nucleons. Therefore, any experiment intending
to pin down color transparency should look at a kinematic region where conventional
approaches predict maximum rescattering effects. The search for such a region is
illustrated on Fig. 1.

Disregarding the trivial y> angular dependence, the 2H(e,e'p)n process depends on
four physics parameters: the incoming beam energy E, the momentum transfer Q2, the
recoil momentum p r of the neutron and the Bjorken variable x (defined with respect
to the proton) which is directly correlated to the recoil neutron angle 0r. As shown
on the first set of curves of Fig. 1, the beam energy acts conventionally as a phase
space and counting rate magnificator. Particularly, the restricted phase space allowed
for actual CEBAF energies should be noticed. According to its usual understanding,
the momentum transfer controls the transverse size of the probed object and acts con-
sequently as the leading parameter of the color transparency phenomenon. The x (or
9r) and p r parameters are relevant of the hadronic part of the interaction which is
discussed in another contribution to this workshop [4]. Rescattering effects turn out to
be maximum for x=l (quasielastic scattering) and large p r (small distance between the
nucleons). As expected, color transparency reduces the rescattering contribution lead-
ing to a cross section ratio close to unity. Then the effects are particularly significant
when the quasielastic scattering at small inter-nucleons distance is selected.

3 Spectrometer Option

The experimental study of exclusive processes has to deal with very small cross section
reactions which in turn asks for high beam intensity. The subsequent high luminosity
requested for these experiments tends to favor the use of spectrometers. This choice is
furthermore strengthened when the final state of the experimental process consists of a
few strongly correlated particles. As a first attempt, the study of the 2H(e,e'p)n process
is herebelow worked out using the pair of high resolution spectrometers proposed for
the original ELFE proposal [8]. These spectrometers are characterized by a solid angle
of 7 msr and a momentum acceptance of ±10%.

The preliminary concern of a feasability study is the expected counting rate which
indicates the relevance of any experiment. In addition to the basic cross section, the
counting rate is here suffering from a matching factor between the electron and hadron
arms which corresponds to the coincidence detection of the outgoing electron and pro-
ton. While the cross section is essentially increasing with beam energy, the matching
factor is a complex function of the outgoing particle parameters. The counting rate
is further constrained by some other design parameters of the spectrometers, namely
a minimum detection angle of 10° and to a less extent a maximum momentum of 25
GeV/c. The resulting settings and counting rates are shown in Tab. 1 for several mo-
mentum transfer. Kinematics correspond to the maximum rescattering effects region,
i.e. a large recoil neutron momentum (pr=500 MeV/c) and a Bjorken variable x=l .
The resulting scattered electron and struck proton angles (0e and 0p) and their mo-
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mentum are quoted in the table. The counting rates N assume a 1038 nucleons/cm2/s
luminosity, a ±0.50 GeV2/c2 momentum transfer acceptance and a ±0.05 Bjorken vari-
able acceptance. Further cuts are applied on the missing momentum (Pm 6 [400; 600]
MeV/c) and the missing energy (Em < 100 MeV) spectra. It is clear from this table
that the spectrometer option does not suffer from any count rate limitations in the
energy range of interest.

Table 1: Kinematics and counting rate of the spectrometer option.

Q2

(GeV2/c2)
6
8
10
12
14
16
18
20

Pe
(GeV/c)

11.80
13.74
15.67
16.61
17.54
16.47
15.41
14.34

0e

(°)
10.6
10.3
10.0
10.2
10.3
11.3
12.4
13.6

(GeV/c)
3.90
4.99
6.07
7.15
8.22
9.29

10.36
11.43

n
25.5
23.3
21.5
19.9
18.6
17.1
15.6
14.5

N
(cp/h)

68.9
48.6
44.8
40.1
40.1
36.3
35.3
34.9

The study of the 2H(e,e'p)n process is further constrained by the ability of the ex-
perimental setup to select quasielastic events at the relevant kinematics. This capacity
is currently expressed in terms of the missing energy (SEm) and momentum (5Pm)
resolutions which must allow to disentangle between quasielastic scattering and single
pion electroproduction. The proposed spectrometers have a Sp/p=5xl0~4 momen-
tum resolution and a S9=Sip=1.0 mrad angular resolution. Additional contributions
included in our calculations to SEm and 8Pm arise from the beam energy resolution
(8E/E=0.2x 10~2 for the ELFE/DESY project) and radiative losses in the target which
result in an overall distortion of the experimental signal. The resulting missing energy
resolution ranges from 32 MeV for a 15 GeV beam energy to 58 MeV for a 25 GeV
beam energy, therefore allowing for the separation of pion production processes; the
resulting missing momentum resolution ranges from 28 MeV/c for a 15 GeV beam
energy to 43 MeV/c for a 25 GeV beam energy, leading to a correct identification of
quasielastic scattering events.

The last major issue of this feasability study concerns the extraction of an eventual
color transparency signal from experimental data. In other words, what is the accuracy
or counting time requested to distinguish between the transparency and the opacity
regimes and ultimately between different descriptions of color transparency? For that
purpose, it is mandatory to dispose of a model independent experimental signature.
The ratio of the total to quasifree cross section is not satisfactory in that respect since it
involves the model dependent quasifree process. A possible clue to this problem is the
investigation of the ratio of the total cross sections for different kinematic regions [6].
Indeed, the low x and/or the small p r regions are expected to be significant of color
opacity while the x=l and large p r region is sensitive to color transparency (Fig. 1).
Therefore the Q2 evolution of the ratio of the total cross sections measured at x = l and
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x=0.5 (for example) for a given large p r , or at pr=500 MeV/c and pr=200 MeV/c (for
example) for x=l , should be strongly sensitive to the occurence of color transparency.

Fig. 2 shows the Q2 evolution of the transparency ratio Tspec. at the fixed 500
MeV/c recoil momentum and defined as the ratio of the cross section for x=l to
x=0.5. The error bars correspond to 5 hours of data taking at each kinematics, that
is 10 hours per Q2 point, assuming a 10.83 /iA beam intensity and a 2% radiation
length (15.14 cm) target thickness. Theoretical points are the expectation value of
the experimental ratio for a perfect detector and in absence of radiative losses while
experimental points take into account these two effects. The resulting distortion of the
transparency signal is shown to be small and essentially due to radiative losses. Note
that this effect can be further reduced by lowering the target thickness and increasing
the beam intensity to keep the same luminosity. As expected, the proposed ratio
Tspec. exhibits a strong sensitivity to color transparency effects, even with the very
conservative toy model. Therefore, an unambiguous experimental signature of color
transparency in the deuterium can be obtained within 80 hours of data taking, using
a pair of high resolution spectrometers.

4 Large Acceptance Detector Option

The original ELFE proposal offers an additional experimental alternative for the study
of exclusive reactions. An important part of the physics program involves many par-
ticles (>3) in the final state and requests then a large acceptance detector [9, 11, 12].
Despite the suitability of the spectrometer option for the study of color transparency
in the deuterium, the comfortable counting rates of Tab. 1 suggests that the same
study might be achieved at lower luminosities. Taking into account a 2TT acceptance
and the simultaneous measurement of the whole Q2 range, a large acceptance detector
option might then compete with the spectrometer one.

For the purpose of this feasability study, we consider the large acceptance detector
MEMUS [9] designed to operate at a 1035 nucleons/cm2/s luminosity. Its revisited
design and performances are presented in another contribution to this workshop [10].
Its main relevant limitation with respect to the study of the 2H(e,e'p)n process is the
3° minimum forward angle. Kinematics and counting rates are given in Tab. 2 for a
15 GeV incident beam energy and the Bjorken variable x = l . The angular range for
the recoil neutron (9r) and the struck proton (6P) are quoted for a 100 MeV/c and 700
MeV/c recoil momentum, respectively. The counting rate N corresponds to the sum of
the events with p r > 400 MeV/c within a ±0.5 GeV2/c2 momentum transfer acceptance
and a ±0.05 Bjorken variable acceptance around the central kinematics. Although the
obtained values cannot be compared directly to those of Tab. 1, it appears that the
MEMUS option does not suffer from any count rate limitations in the energy range of
interest.
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Table 2: Kinematics and counting rate of the large acceptance detector option.

Q2

{GeV2/c2)
6
8
10
12
14
16
18
20

Pe
(GeV/c)

11.80
10.74
9.67
8.60
7.54
6.47
5.41
4.34

0e

(°)
10.6
12.8
15.1
17.5
20.3
23.4
27.2
32.2

-Or

(°)
52.2-32.5
57.2-38.6
61.1-42.7
64.1-46.8
67.4-49.9
69.2-52.3
72.1-54.9
74.2-57.2

-oP
(°)

33.9-42.2
28.8-35.3
25.3-30.6
21.7-26.2
18.9-22.8
16.5-20.0
14.2-17.3
12.0-14.8

TV
(cp/h)
49.5
22.2
13.5
10.6
8.2
7.1
6.6
6.0

Fig. 2 shows the Q2 evolution of the transparency ratio TMemus a^ the fixed x=l
Bjorken variable and defined as the ratio of the cross section for p r > 400 MeV/c
to p r < 200 MeV/c. The error bars correspond to 100 hours of data taking at the
previously denned kinematics and luminosity. The quoted ratios are the experimental
expectation value assuming a perfect detector (100% efficiency and infinite resolution)
and without radiative loss corrections. Here, the main results are the sensitivity of
the proposed ratio to color transparency effects and the ability, as far as statistics is
concerned, of the MEMUS detector to measure accurately the expected effects in a
reasonable counting time.

As described in the previous section, the ability of a given experimental device
to select a particular reaction channel vetoes its reliable study. The missing energy
and momentum resolutions of a large acceptance detector are manyfold quantities
which depend on the characteristics of each individual elements of the detector. The
present studies of the MEMUS response and capabilities in the context of a color
transparency experiment in the deuterium lead to the resolutions: SEm=l52 MeV and
SPm=69 MeV/c. Such values clearly forbid any attempt to separate unambiguously
quasielastic scattering from single pion electroproduction. However, the almost com-
plete hermiticity of the MEMUS detector delivers additional information about the
reaction process. Particularly the charged particle multiplicity, easily extracted from
the tracking devices, allows to identify single charged pion electroproduction. The only
remaining parasitic reaction is then the 2H(e,e'p)7r°n process which identification might
be achieved via the electromagnetic calorimeter of MEMUS. A firm answer about this
problem necessitates a deeper investigation of the MEMUS behaviour which is still
under study at this instant.

5 Conclusion and Outlook

The above feasability study shows that the investigation of color transparency in the
deuterium can be worked out successfully in the context of the project ELFE/DESY.
The most promising experimental setup would consist of a pair of high resolution
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spectrometers operating at a 1038 nucleons/cm2/s luminosity. However, the large ac-
ceptance detector MEMUS would also suit to this experiment if a 1035 nucleons/cm2/s
luminosity can be reached together with a clear separation of the single TT° electropro-
duction channel.

Besides these elementary requirements, more general background studies needs to
be achieved in order to refine the appropriate design of each experimental setup. An
accomplished experimental proposal would also benefit of improvements of the theo-
retical description of the reaction channel (A, N*... excitations and Meson Exchange
Currents) and of the color transparency effects. Nevertheless, it should be stressed that,
within the framework of a crude but very conservative approach of color transparency,
it has been shown that the ELFE/DESY project offers an unique opportunity to study
accurately the color transparency phenomenon, leading to a better understanding of
non-perturbative mechanisms of Quantum ChromoDynamics.

We would like to thank B. Pire and J. Ralston for their fruitfull comments and
support.
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Figure 1: Figure 1: Total differential cross section and total to quasifree ratio for
selected kinematics. The different curves correspond to the basic on-shell rescattering
model without (full line) and with (dashed line) color transparency effects. The constant
unit ratio is shown (dotted line) for reference.
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Abstract
We discuss the coherent leptoproduction of vector mesons from polarized

deuterium as a tool to investigate the evolution of small size quark-gluon con-
figurations. Kinematic regions are determined where the final state interaction
of the initially produced quark-gluon wave packet contributes dominantly to the
production cross section. Two methods for an investigation of color coherence
effects are suggested.

1 Scales in color coherence

High energy exclusive production processes from nucleon targets are determined by
the transition of initial partonic wave functions to final hadronic states. Interesting
details about such transition amplitudes can be obtained by embedding the production
process into nuclei, where the formation of a particular final state hadron is probed
interactively via the interaction with spectator nucleons (for a review see [1]).

In this context, we discuss the coherent photo- and leptoproduction of vector mesons
from polarized deuterium at large photon energies v > AGeV. The corresponding
amplitude can be split into two pieces: In the single scattering term only one nucleon
participates in the interaction. This is in contrast to the double scattering contribution.
Here the (virtual) photon interacts with one of the nucleons inside the target and
produces an intermediate hadronic state which subsequently re-scatters from the second
nucleon before forming the final state vector meson. At small Q2 < 1 GeV2 exclusive
vector meson production from deuterium is well understood in terms of vector meson

*Work supported in part by grants from BMBF, GIF and the DoE.
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dominance. In this framework the final state vector meson is formed instantaneously
in the interaction of the photon with one of the nucleons from the target [2]. On the
other hand, in the limit of large Q2 » 1 GeV2 perturbative QCD calculations show
that photon-nucleon scattering yields rather a small size, color singlet quark-gluon
wave packet (ejectile) than a soft vector meson [3]. At high energies v the final state
interaction of such an ejectile with the second nucleon should differ substantially from
the final state interaction of a soft vector meson. Therefore the magnitude of the final
state interaction contains interesting informations about the initially produced ejectile
and its evolution while penetrating through the target.

The ejectile wave packet and its propagation are characterized to a large extent by
the following scales: The average transverse size of the ejectile wave packet, 6ej, which
for the case of longitudinal photons is « 4 . . . 5/Q for Q2 > 5GeV2 for the contribution
of the minimal Fock space component [4]. For these Q2 it amounts to less than a
quarter of the typical diameter of a p-meson (~ 1.4 fm). Furthermore the initially
produced small quark-gluon wave packet does not, in general, represent an eigenstate
of the strong interaction Hamiltonian. Expanding the ejectile in hadronic eigenstates
one finds that inside a nuclear target all hadronic components, except the measured
vector meson, are filtered out via final state interaction after a typical formation
time: 77 % 2u/8rriy. Here 8m2/ is a characteristic squared mass difference between
low-lying vector meson states, which is related to the inverse slope of the corresponding
Regge trajectory (Sm2/ ~ lGeV2). If the formation time is larger than the nuclear
radius, the ejectile will resemble an approximate eigenstate of the strong interaction
while penetrating through the nuclear target. Therefore final state interaction should
decrease with rising Q2 at large photon energies. This phenomenon is usually called
color coherence.

However the coherent vector meson production cross section, including its con-
tribution from double scattering, is sensitive also to the coherence length: A ss
2u/{m2

/ + Q2). The latter characterizes the minimal longitudinal momentum transfer
IZL ~ A"1 required for the coherent production of the vector meson. (Here we omit the
^-dependence of A and ki, which is discussed in details in ref.[5].) Since the deuteron
has to stay intact, one finds dominant contributions to the production cross section
for X > Rd, where Rd ~ 4 / m is the deuteron radius. Consequently vector meson
production amplitudes from nucleons at a similar impact parameter but at different
longitudinal positions will interfere and add up coherently. A decrease of the coher-
ence length leads to a decrease of the coherent vector meson production cross section.
Therefore if one investigates the double scattering contribution in different kinematic
regions one should be careful in interpreting a variation of the final state interaction
as a modification of the the ejectile wave function. First possible effects arising from a
change in the coherence length have to be accounted for.

2 Single versus double scattering

In the single scattering contribution the vector meson is produced from one of the nu-
cleons in the target, while the second nucleon does not participate in the interaction.
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The corresponding Born amplitude is determined by the vector meson production am-
plitude fy*p(n)^vp(n) from the proton or neutron, respectively, and the deuteron form
factor Sd (where j indicates the dependence of the form factor on the target polariza-
tion):

The presence of fc_ = fc0 — ^L iri the form factors accounts for the recoil of the deuteron.
If the target polarization is chosen perpendicular to the momentum transfer k, at large
v only the difference of the monopole and quadrupole form factor, SJ

d = Sd — 5 j , enters
in (1). It is important to realize that the monopole and quadrupole form factor are
equal at k = |fc| ~ 0.35 GeV. This generates a zero in Sd — Sj and consequently a node
in the single scattering contribution to the vector meson production cross section at
t = td ~ —k2 fa —0.5 GeV2 [5]. It should be emphasized that the latter is determined
solely by the deuteron wave function and does not depend on details of the nucleon
production amplitude fy*p(n)-^vp(n). Thus we have identified a kinematic window where
the single scattering contribution vanishes and the double scattering contribution can
be investigated to high accuracy. (A similar behavior of the single scattering amplitude
can be achieved for a deuteron polarization along either k = (2q + k)/\2q + fc| or
h = k x K, where q stands for the photon three-momentum.)

The double scattering amplitude stems from the final state interaction of an initially
produced hadronic state. Expanding the latter in hadronic eigenstates h yields:

d2h'
i15^ kl2)P*P~*hP^l2 - k'±)fhn-*Vn(kj2 + fc'J + (p » n).

(2)
The transfered momentum is split between both interacting nucleons. Therefore if the
re-scattering amplitude of the ejectile fhn(p)-+Vn(p) [s sizable, double scattering will be
important in the region of moderate and large —t > 0.4 GeV2.

In Fig.l we show the differential cross section dud/dt for the coherent p-production
from deuterium polarized perpendicular to the momentum transfer, calculated within
vector meson dominance [5]. In this framework the double scattering amplitude ac-
counts for the sizable re-scattering of the soft /?-meson. We normalize the calculated
production cross section by its value at t = tmin to become independent of details of
the initial production amplitude.

Of course vector meson dominance is appropriate at small Q2 < 1 GeV2 only.
However we want to study the dependence of the final state interaction on Q2 and
v to obtain informations on the ejectile wave function and its propagation through
the nucleus. For this purpose we suggest investigations which are to a large extent
independent on details of the ejectile production amplitude.

In this respect it is most promising to study coherent vector meson production from
deuterium polarized perpendicular to the momentum transfer k (or parallel to k or h)
at t ~ td. Here at large v the single scattering contribution to the cross section is very
small and even vanishes at t = td as discussed above. Exploring the production cross
section in this kinematic window for different Q2 and u yields direct informations on
the ejectile wave function. Since the transverse size of the ejectile shrinks with rising
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Q = 1.0,2.0,5.0,10.0 GeV2
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Figure 1: The differential production cross sections for coherent p-production from
polarized deuterium at x = 0.01 for different values of Q2. The target polarization is
chosen perpendicular to the momentum transfer. The full lines are the results for the
production cross section within vector meson dominance. The dashed curves shows the
Born contributions.

Q2\ perturbative QCD suggests that the vector meson production cross section should
decrease and ultimately vanish at t = td for Q2 >̂ 1 GeV2 and u 3> 10 GeV.

Furthermore Fig.l demonstrates that in the domain of vector meson dominance
(Q2 = Ql < I GeV2) double scattering is by far dominant for -t > 0.5 GeV2:

(S(%d«w!! ~ 10- I f final s t a t e i n t e r a c t i o n vanishes at large Q2 = Q\ > 1 GeV2

and large energies u > 10 GeV, we expect the above ratio to approach unity. As-
suming that the Q2-dependence of the initial ejectile production amplitude factorizes,
and is approximately equal to the Q2-dependence of the vector meson production cross
section from free nucleons daj^/dt, we obtain:

(dad(Q
2)/dt)Jull (daN(Q2)/dt)

(do-d(Q
2)/dt)Born (daN(Q2)/dt)

1. (3)

In both cases it is important to keep the coherence length constant or to account for
its possible modification.
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3 Summary

We have discussed the coherent production of vector mesons from polarized deuterium
as a tool to investigate the propagation of small size quark-gluon configurations, which
are initially produced in high energy lepton-nucleon interactions at large Q2. A kine-
matic window was found where the differential cross section stems only from contri-
butions of the final state interaction of the ejectile. Two methods for an investigation
of color coherence effects were proposed. Note that although the proposed investiga-
tions are feasible in the kinematic domains of HERMES and ELFE, an investigation
of color coherence effects in diffractive vector meson production is done favorably at
small x < 0.01, and requires a reasonable lever-arm in Q2.
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Abstract

A multichannel evolution equation is developed for the density matrix de-
scribing a hadronic wave packet produced by a virtual photon and propagation
through a nuclear matter. This approach is dual to the quark-gluon represen-
tation, incorporates the effects of coherence and formation times and gives an
exact solution for color transparency problem at any photon energy. We propose
a procedure of data analysis, which provides an unambiguous way of detection
of a color transparency signal even at medium energies.

1 Introduction

Exclusive electroproduction of vector mesons was suggested in [1] as an effective tool
in search for color transparency (CT) [2]. The key idea is based upon absence of
strict correlation between the photon's energy and virtuality, typical for reactions of
quasielastic scattering. Data from the E665 experiment [3] nicely confirm the predicted
value of the effect [1]. The statistics is, however, quite modest and new experiments
are planned at lower energies (HERMES, TJNAF, ELFE).
Although CT phenomenon is most naturally interpreted in the quark-gluon represen-
tation, the calculations are easy only at energies v 3> Q2RA/2, when size of the photon
fluctuations is frozen during propagation through the nucleus. At lower energies the
produced colorless wave packet is developing while it propagates through the nucleus.
Accordingly, absorption in nuclear matter varies and the expected CT effect may be

Partially supported by the European Network: Hadronic Physics with Electromagnetic Probes.
Contract No. FMRX-CT96-0008
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substantially reduced. Such an evolution is controlled by the so-called formation time

^ < i / < _ ^ _ . ( 1 )

Q mv, — mv

The bottom limit corresponds to most quickly expanding states of small size, r\ oc
l/Q2- In order to observe a full effect of CT, one should make this time , tjin «
I/TTINXB ^> RA, where XB is the Bjorken variable. The upper limit in (1) corresponds
to a long evolution of a rather large-size wave packet consisted mostly from the two
lightest states, V and V. This time irfax controls the onset of CT.
There is also a quantum-mechanical uncertainty in the production point of the final
wave packet usually called coherence time (length),

(2)

This uncertainty may be interpreted as a lifetime of hadronic fluctuations of the pho-
ton. If this time substantially exceeds the nuclear size, tc 3> RA, one deals with a
virtual hadronic, rather than with photonic beam. Correspondingly, nuclear attenua-
tion increases [5, 6, 7].
Two methods for correct calculation of the wave packet evolution are known. One
was developed in [4] using the quark-gluon representation and Feynman path integrals.
However, as far as the coherence time is involved, the path integrals become unreason-
ably complicate, and no solution is still found.
Another approach uses the hadronic basis for the photon fluctuations, which is dual
to the quark-qluon basis, provided that completeness takes place. An exact solution,
incorporating both coherence and formation time effects is found and the results are
presented in this talk.

2 Coherence time

Coherence (interference) of the vector meson waves produced at different longitudinal
coordinates is important both for coherent (the nucleus remains intact) and incoherent
(the nucleus breaks up) electroproduction. Effect of coherence time exists even in
Glauber approximation, although a correct formula for incoherent electroproduction
was derived only recently [5]. Vector mesons produced at different points separated by
longitudinal distance Az have a relative phase shift qcAz, where qc = (Q2 + mv)j2u
is the longitudinal momentum transfer in j*N —> VN. Taking this into account one
arrives at the following formula [5] for nuclear transparency defined as Tr = CTAIACN-,

VN

/ dz2 p(b, z-i) i dzx
J — OO J — CO

i fz2 i r f°°
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Trcoh =
(-VN\2
\°tot )

AAav
el

N d2b / dz p(b, z] eigcZ
--a

VN

tot

/•oo

/ dz'p(b,z']
J z

(4)

where Trcoh corresponds to the coherent case [8, 5, 6]. TV,-nc, in contrast to the coherent
case [7], decreases with energy from Tr{nc — aj^/'Acr™ (qc ̂ > I/RA) down to Tr{nc =
a^f/Acr™ (qc <C 1/RA)- Numerical examples are presented in [6, 7, 5].
Variation of tc may be caused either by its v- or Q2-dependence. In the latter case tc

decreases with Q2 and the nuclear transparency grows, what is usually expected to be
a signature of CT [1]. Our results for incoherent electroproduction of /?-meson on lead
are shown by dashed curves in Fig. 1 (more examples are in [6, 7, 5]). The predicted
Q2-dependence is so steep that makes it quite problematic to observe a signal of CT
on such a background.

3 Formation time

Inclusion of excited states of the vector meson into the multiple scattering series is
known as Gribov's inelastic corrections [9]. CT corresponds to a special tuning of
these corrections, when the diagonal and off diagonal amplitudes cancel in final state
interaction at high Q2. The amplitudes we use satisfy such a condition, since we cal-
culate the photoproduction amplitudes projecting to the Q2-dependent qq component
of the photon wave function.
In the case of incoherent production one has to sum over all final states of the nu-
cleus. Therefore, the the wave packet should be described by density matrix Pij =
J2A' l^) l^j}+• Wave function \ipi), has components 7*, V, V, etc. The evolution
equation for the density matrix reads [10],

±p = Qp- PQ+ - l-a™ (fP + Pf+)
dz

( 0 0 0
0 ^ 0

o o 4
\ • • •

0 0 0
A 1 c

XR e r

(5)

(6)

where Q and f are the (n + 1) x (n + 1) matrices, and n is the number of states
involved into consideration. 5, q' ... are the transferred longitudinal momenta, q(q') =
(mLy ,) + Q2)/2u. For other parameters we use notations from [11], r — a(^7<^f',
e = f(VN -> V'N)/f(VN ->• VN) and R = /(7iV -»• V'iV)//(7iV -+ VN).
The value of parameter A = f(jN -)• V'N)/f(VN -> VN) is inessential, since it
cancels in nuclear transparency. The boundary condition for the density matrix is
Pij(z —¥ —00) = SioSjo- Note, eq. (5) reproduces (3) if e = 0 and eq. (4) if a%N = 0.
We calculated the Q2-dependence of nuclear transparency for incoherent electropro-
duction of p-meson on lead in two-channel approximation, using the parameters in (6)
as in [7] (more examples, including coherent production, radial excitations and other
flavours are in [7, 10]). The two channels should well reproduce the onset of CT, while
at higher energies, 1/XB <C m^RA the full CT may develop only after inclusion the the
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higher excitation states. The results for different energies are shown by solid curves in
Fig. 1. Although the growth of nuclear transparency is steeper than what we expect

0.5

r ^ o.4-

0.3 •

0.2 •

0.1 0.1

7*Pb

i /m i n=5 GeV

=10 GeV

8 10

(f(Cef)
Figure 1: Q2-dependence of nuclear transparency for p-meson electroproduction
on lead at photon energies v = 5, 10,20 and 30 GeV. Dashed curves corre-
spond to Glauber approximation, solid curves are calculated with the evolution
equation eq. (5).

Figure 2: The same as in Fig. 1, but with fixed tc = 2i/min/m
2
p.

in Glauber approximation, the difference is too small to be used as a signature of CT.
Even the present state of art of Glauber-model calculations leaves enough freedom to
fit in such a narrow corridor in nuclear transparency.
At this point we would like to soften our pessimism and suggest a method for unam-
biguous detection of onset of CT. The key idea is quite straitforward [10]: as soon as the
variation of the coherence time may mock the CT effects, one should fix tc. This can by
done by means of a special selection of events with different Q2 and v. Starting from
minimal energy i/m,-n = tcQ

2/2 with real photoproduction one should increase both Q2

and //, while tc = const, in accordance with (2). Our predictions for Q2-dependence
of the lead transparency at different values of minimal energy (or tc) are depicted in
Fig. 2 in comparison with Q2-independent expectations of Glauber approximation.

Concluding, we have developed a multichannel approach to incoherent exclusive
electroproduction of vector mesons off nuclei, which incorporates the effects of coherent
and formation times, as well as CT. Variation of the coherence time with the photon
energy and Q2 causes substantial changes of the nuclear transparency and may mock
onset of CT. We suggest such a mapping of v and Q2 values, which keeps the coherence
time constant. This helps to single out an unambiguous signal of CT at medium
energies.
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I. INTRODUCTION

The Hermes experiment has the unique opportunity to provide valuable information on

the flavor dependence of the polarized structure functions and estimates of the sea polariza-

tion. To this aim, an unambigous identification of pions, kaons and protons is required.

Since the present apparatus lacks of kaon identification on the full momentum range needed

from 3 to 20 GeV/c, the conversion of the present gas threshold Cherenkov detector into a

Ring Imaging Cherenkov detector (RICH) has been proposed [1]. An intense research pro-

gram has been pursued by our group with the aim to investigate the potential candidates

to the HERMES upgrade.

Two main detector systems have been envisaged:

a) Csl Fast-RICH with C4F10 gas radiator;

b) Aerol RICH with hybrid phototube readout.

"presented by F. Garibaldi
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II. CSI FAST-RICH

So far, the following results have been achieved on Csl photocathode in three years

activity carried on in the framework of RD26 [2]:

- achievement of a succesful standard technology of evaporating photocathodes of size as

large as 50*50 cm2 without the need of expensive masking procedure;

- quantum efficiency of Csl thin layer very close to the nominal values measured in laboratory

under controlled situation;

- several prototypes built and monitored over a year proving high stability and resistance to

radiation damage.

Software outcome:

a MC program has been developed for the simulation of the proposed RICH based on

experimental data acquired in RD26 using minimum ionizing particles (3 GeV pions) and

single photoelectron signals. The results indicate that a satisfactory pion/kaon separation

is only attainable above 10 GeV/c [3].

The limitation of RICH operation to energies above 10 GeV/c would impose an unacceptable

loss of statistical sensitivity to the physics case, therefore an extensive study on the possibility

to build an aerogel RICH has been pursued. Indeed the exploitation of aerogel of appropriate

refractive index (n=1.03) allows, in principle, clean kaon identification from 3 to 20 GeV/c

[4] as shown in Table I taken from [5].

III. AEROGEL RICH

The development at the beginning of 90's of a new production technique [6] for aerogels,

named the "two-step" method, has improved the optical qualities of this material with

respect to samples produced with the standard "single-step" method [7]. In the framework

of R&D activities carried on for the BELLE experiment, in 1994 the KEK group announced

the discovery of a third production method of aerogel [8]. KEK-type aerogel is hydrophobic
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and more transparent than aerogels produced by means of the forementioned methods [9].

The availability of this aerogel has recently pushed some authors to propose the use of this

material as radiator in the RICH detectors planned for the HERMES [10] and LHC-B [4]

experiments.

IV. OPTICAL PROPERTIES OF AEROGELS

Aerogel is a spongy material (nSiO2+2nH2O) with a three dimensional netlike structure,

whose typical scale length is comparable to that of the detected Cherenkov light. Therefore,

although the loss of photons crossing aerogel due to absorption is rather small, Rayleigh

scattering is the dominant cause of degradation of the optical properties of aerogels. In

addition, the scattered Rayleigh photons, when they succeed to exit the aerogel with the right

direction to reach the detector plane, represent a background which enlarges the difficulties

in the pattern recognition of the unscattered radiation. Photons with shorter wavelengths

have a higher probability to be deviated since Rayleigh scattering scales as A~4; for this

reason aerogel displays a slight bluish haze and a reddening of the transmitted light.

In Fig. 1 we report the measured transmission spectra of two aerogel samples produced

in Japan at the KEK lab., with a thickness of 2 cm, and refraction indeces (n) of 1.018

(dots) and of 1.029 (open circles). The measured trasmissions t of light with wavelength A

through a block of thickness L are perfectly fitted by the expression:

t = Ae~CL'xi (1)

where C is the clarity coefficient, and A is a measurement of the transmission in the high-

wavelength region. A and C are called "Hunt parameters". Samples with a good optical

quality have A and C close to the value of 1 and 0 respectively. The values of the parameters

.4 and C deduced for the data in Fig. 1 have been reported in the first two lines of Table II.

The C values are around 0.01/im4cm~l. A similar value has been reported in Ref. [11] for

the two-step aerogel produced at JPL. For comparison, we report in Fig. 1, with a dashed
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line, the trasmission curve of a "conventional" aerogel with n=1.03, and produced by the

Airglass Company. This curve has been evaluated from eq. (1) for L=2 cm and with the

Hunt parameters reported on the third line of Table II and taken from Ref. [12].

The comparison of the three curves in Fig. 1 shows that the transparence of aerogel

decreases with the increase of the refraction index, and that samples of the "new generation"

are more transparent than the "old" ones. Even for the former, however, only visible light

above 300 nm is transmitted by this material; therefore photodetectors with high quantum

efficiency (QE) in the visible are mandatory.

V. BEAM TESTS

In the framework of the development of Hermes and LHC-B RICH detectors, investiga-

tions have been carried out with the purpose to evaluate the numbers of photons detected

inside and outside the fiducial region of the Cherenkov ring on the detector plane for different

radiator thicknesses of each radiator sample.

Tests have been performed at the PS-T9 beam facility at CERN. A beam of 10 GeV/c

negative pions has been employed. At this energy the beam is nearly uncontaminated from

other particles, the pion content is about 99% [13], and, it produces, in n=1.03 aerogels,

Cherenkov radiation at an appreciable angle (8 c ~ 14°) respect to the particle flight direc-

tion.

The experimental setup is schematically shown in the lower part of Fig. 2. It consists of a

black painted light-tight aluminum box flushed with nitrogen at atmospheric pressure, which

contains the aerogel sample and an angled spherical mirror used to focalize the light from

the radiator in the detector focal plane. The mirror has a focal length of 45 cm, and thus

aerogel rings with a diameter d of 11 cm are expected in the detector focal plane. Smaller

rings, with d ~2 cm, are instead produced by particles in nitrogen between the aerogel and

the mirror.

Two different systems employing either a single phototube or a matrix of 114 phototubes
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have been used to detect the emitted light in the focal plane of the RICH detector. A frontal

view of the systems is sketched in the top part of Fig. 2. The two systems are described in

details in the next sections.

Event triggers were obtained from a coincidence between 2 fast scintillators with a size

of 2x2x0.2 cm3, made of BC40S plastic scintillator, placed at the entrance and at the exit

of the RICH counter, and used to define the beam direction and the timing.

A. Results with a single phototube

In this section we report on the measurements of Cherenkov light produced in the KEK

aerogel with L=3 cm, n=1.028, with optical properties in the second line of Table II, and

detected by means of only 1 PM, type Hamamatsu 1332Q, with a bialkali photocathode of

one-inch, installed on a linear motorized translator in order to scan the detector focal plane

(see the part a) of Fig. 2).

The photocathode QE is 0.27 at 360 nm and drops to 0 at 700 nm. The wavelength

inferior limit of the PM is known with a big uncertainty. A borosilicate glass of known

transmission has been therefore interposed between the mirror and the phototube in order

both to know more precisely this limit (300 nm), and to reduce the scattered light.

The number of counts, referred to the same number of triggers, registred by the PM

during the scanning of the focal plane, is reported in Fig. 3 as a function of the position.

A threshold in the pulse height was placed between the pedestal and the one-photoelectron

(p.e.) peak of the PM spectrum, in order to suppress the noise and mantain sensitivity to

single photoelectrons. The stronger peak in Fig. 3, obtained with the PM nearly in the center

of the focal plane, corresponds to the Cherenkov ring produced in nitrogen. Another peak

is clearly visible when the PM is displaced 11.6 cm from the position of the maximum of the

first peak. The same enhancement is seen moving the PM in the opposite direction. These

enhancements are caused from the unscattered Cherenkov light produced in the radiator and

prove the adequateness of aerogels of the KEK-made aerogels to be used in RICH detectors.
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From the values of the mirror focal length and from the observed radius of the aerogel ring,

a refraction index of 1.03 has been calculated. This index of refraction is consistent with

the nominal value provided by the KEK group (n=1.028). The resolution of the peaks in

Fig. 3 is dominated by the size of the PM.

B. Results with the phototube array-

In order to perform the electronic imaging of the full Cherenkov pattern, the detector

plane has been instrumented with an array of 114 one-inch PM's of the type Hamamatsu

R268,1 closely packed and arranged in such a way to fully cover a circle with a diameter

of nearly 30 cm, as shown in top right part of Fig. 2. These PM's have a response and a

wavelength bandwidth equal to those of the PM employed in the scan measurement described

in the previous section. The remaining part of the setup, including the aerogel type and

dimensions, is the same as described in the previous section. An example of a single event

display is reported in Fig. 4. The nitrogen ring is also evident in the central zone of the

figure and is more likely recorded in 3 PM's. A threshold was applied to the signal of each

of the 114 PM's recorded, corresponding to about 2a of the pedestal distribution. From the

positions and the number of PM's fired in each event one can extract the average number of

p.e., the average radius of the ring, and the average number of photons emerging from the

aerogel after having undergone one or more scatterings.

Radius of the ring.

The distance of each PM (fig. 5) fired in the event with respect to the so-defined center

was computed and the average of them gives a value of 11.9 ± 0.6.

Background from scattered photons From the distribution in fig. 5 it is possible to evaluate

the fraction of photons which have been scattered inside the aerogel and therefore no more

keeping the Cherenkov angle information. The region between 3.5 cm and 7.5 cm was

lThe BaBar DIRC collaboration kindly loaned those photomultipliers.
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considered representative to contribute to the background. Extrapolating the number of

PM's fired in this circular region and assuming an isotropic distribution in the plane for the

scattered photons, the scattered photons represent a fraction as large as 20% was estimated.

Number of photoelectrons. Counting the number of fired PM's in the events belonging to

the peak region of fig. 5, one can determine the average number of p.e.'s recorded per event.

The average is 9.3 p.e.'s, which must be corrected for the inefficiencies observed in the PM's

response, and for the probability that the fired PM has seen more than 1 p.e. (evaluated

according to a Poissonian distribution). The corrected number is 14.5 p.e.

VI. CONCLUSIONS

Test beam studies of aerogel gave very promising results indicating that KEK-aerogel

has an high optical quality and that it is suitable to be used as radiator for RICH detectors.

Moreover results show that the background from scattered photons is very low. However the

need of employing visible light detectors sensitive to single photons for the read-out of the

Cherenkov pattern from aerogel, requires further investigations and an accurate prototyping

study. Indeed, the commercial available devices (HPD and multi-anode photomultipliers)

have suitable performances but they suffer of large inactive area and high cost. The de-

velopments of cheap hybrid phototubes with large active area is underway at CERN in

collaboration with our group [5].
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TABLES

TABLE I. Some characteristics of aerogel with n=1.03 and n=1.06 proposed as RICH radiator:

momentum thresholds for pions and kaons, Cherenkov emission angle,list of contributions to the

resolution (from emission-point, chromatic and error for 2x2 mm2 detector pixel), total angular

resolution and the upper limit of 30V/A' separation

n 1.03 1.06

Ptresh,* (GeV/c) 0.6 0.4

Vtresh,K (GeV/c) 2.0 1.4

Bc (mrad) 240 340

^mission ( m r a ( f ) Q.3 0.5

^chromatic ( m r a d ) 1.2 1.7

afxel (mrad) 0.5 0.5

a\otal (mrad) 1.4 1.9

Pmaz (GeV/c) 20 17

TABLE II. The refraction indeces n, the supplier, the Hunt parameter A, and the clearity

coefficients C of the three aerogel samples examined in Fig. 1 of this paper. Numbers in parentheses

indicate the estimated errors and refer to the last digits of the value.

n Supplier A C (Jum4cm'1) Ref.

1.018(4)

1.028(4)

1.03

KEK lab

KEK lab

Airglass Inc.

0.96(1)

0.95(1)

0.96

0.0097(2)

0.0114(3)

0.0183

This pap.

This pap.

[12]
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FIG. 1. Measured transmission spectrum for two 2 cm thick aerogel samples of the "new gen-

eration" produced at the KEK lab and with refraction index of 1.02 (dots) and 1.03 (open circle).

The solid curves are fits to the experimental data obtained by using eq. (1) in the text. The

dashed line refers to an aerogel of the "old generation" and has been calculated with eq. (1) by

using the Hunt parameters in Ref. [8], which were evaluated for a sample produced by the Airglass

Company.
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FIG. 2. Schematic lateral view of the RICH detector used at CERN, in the PS-T9E hall, with

10 GeV/c negative pions. In the upper part of the figure there are reported the front views of the

two different systems employed to detect Cherenkov light in the focal plane of the detector.
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FIG. 3. Number of counts (dots) registred by the Hamamatsu 1332Q photomultiplier versus

its position on the focal plane of the detector. The two peaks refer to the PM positioned on the

Cherenkov rings from the nitrogen (the taller) and from the aerogel (the smaller). The counts are

referred to the same number of triggers. The dashed line refers to a fit of the experimental points

with two gaussians and a flat background.
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FIG. 4. Event display of PM's fired in one typical event. The nitrogen and aerogel rings are

depicted in the central spot and in the peripherical zone.
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FIG. 5. Distribution of the radii of PM's fired calcualted as described in the text.
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1 Introduction

The ELFE experimental community is drawn from low and high energy photo-
nuclear practicioners. The former now have substantial experience with C.W.
electron beams where exclusive reaction studies, involving multi-coincidence
experiments, are common. This is complemented by the experience of large-
scale detector systems, which the high-energy community can bring. Typically
low-energy experiments can be categorised:

(i) High-resolution (e, e'X) experiments use small-solid-angle magnetic spec-
trometers, for example the Mainz Al 3-spectrometer system [1]. Here the
focal-plane detectors, which track and identify particles, are "shielded"
from low-energy, charged-particle background by the magnetic field. It
is also comparatively easy to encase the detector in lead or concrete to
shield from uncharged background. Thus high luminosity, which is neces-
sary if high-momentum-transfer, coincidence experiments are attempted,
should not present a real problem in terms of singles counting rates.

(ii) Medium-resolution (e, e'X) experiments where neutral mesons (—> 27),
photons or multiple reaction products (charged and uncharged) are de-
tected in large-solid-angle devices. Scintillator (or heavy Cerenkov for
photons) pulse height determines energy and while a recent development
such as CLAS [2] has an elaborate magnetic field, many detectors have
no field because of cost limitations. Thus shielding from high-intensity,
low-energy background is a problem and maximum luminosity may be
determined by singles rates, or possibly the capabilities of the data ac-
quisition system if coincidence rates are large. Detectors of this type have
moderate energy resolution and so there is less need for ultra-high reso-
lution on the e' arm. An electromagnetic calorimeter [3], or alternatively
a large-solid-angle spectrometer [4], can in principle allow a range of mo-
mentum transfer to be covered at one setting.
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(iii) (7,-X") experiments use similar systems to (ii). The intensity of tagged
bremsstrahlung [5] is normally limited by the sustainable rate in the
focal plane counter of the tagging spectrometer, which depends on the
the degree of segmentation. Laser power and the lifetime of the stored
electron beam may limit intensity at laser backscattering installations [6].

2 Current detection systems and resolution spoiling effects

Large-solid-angle detectors are essential for tagged-photon work and some
examples are listed in the following. The resolution figures relate to photons.

(i) BGO "Rugby Ball" (GRAAL) fixed geometry ~ Air coverage [7]:
This consists of 480 "truncated pyramids" of BGO, each 24 cm (21 x Xo)
long. The resolution was measured at Bonn [8] to be a/E = 1.3%@1 GeV

(ii) Crystal Barrel (ELSA future) fixed geometry ~ 4ir coverage [9]:
This detector, which formerly was installed at LEAR consists of 1380
CsI(Tl), each 30 cm(16 x Xo) long. Scintillation light is read out by
photo-diodes and the solenoidal magnet will NOT be used at Bonn due
to its 2.5 MW power consumtion. The energy resolution was measured
as a/E = 2.5% @ 0.93 GeV

(iii) TAPS (Mainz sometimes) variable geometry [10]: This is constructed
from BaF2 crystals 25 cm(12 x Xo) long, arranged in 6 blocks each con-
taining 64 crystals. The energy resolution was measured as a/E =2.5%
@ 1 GeV(rinie5 = 2/zs); 2.59% @ 1 GeV(rmie5 = 50 ns). Note that the
minor degradation in resolution when only the fast scintillation compo-
nents are integrated shows that photo-electron statics are not the major
determinant of resolution.

The materials used in these detectors all have slow-decay scintillation compo-
nents: BGO 300 ns, CsI(Tl) 900 ns, BaF2 600 ns which will ultimately limit
the counting rate through pile up.

Before that limit is reached the photomultiplier (PM) readout of the BGO
Ball and TAPS would exhibit rate dependent gain drifts. This effect has been
studied many times and a recent evaluation of 3 in XP-3462B PM's [11] gave
an average gain dependence 8G/G ~ 7(1 + log/a), where Ia is the average
anode current in /iA. However even nominally identical PM's exhibit large
variations in behaviour. When tested at Bonn [8] a sample of the GRAAL
BGO crystals showed a factor ~ 2 worsening of resolution as the counting
rate per crystal increased from 2 to 3 kHz, which may be attributable to the
relative gain of the individual detectors changing. This will not be a problem
at the low-intensity GRAAL beam, but would limit higher intensity tagged
photon experiments. At Mainz with an integrated bremsstrahlung intensity of
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~ 5 x 108s 1 the normalised rate in thin plastic scintillator around a graphite
target is ~ 30 kHz/(msr.g/cm2) at 10 deg. falling to ~ 1 kHz/(msr.g/cm2)
at 90 deg. PM's also exhibit non-rate-dependent drifting and non-reversible
aging effects which start to appear when the integrated anode charge exceeds
102 C. The focal plane detector of the Mainz tagger [12] consists of 352, 2 mm-
thick plastic scintillators, each coupled to a Hamatsu 1635 10 mm PM. Normal
running produces anode currents of ~ 3 [iA and typically ~ 20 C anode charge
is accumulated per annum. The PM gain is adjusted periodically to maintain a
constant signal amplitude for minimum ionising particles and after a period of
~ 3 yr running the average applied voltage rose from ~ 1000 V to ~ 1200 V.
Much of the observed change occurring over a short period of high current
{Ia ~ 6^A <C recommended max of 30/xA) running while longer periods of
moderate-rate operation had a comparatively small effect.

The Crystal Barrel detector which will be installed in Bonn has CsI(Tl) crys-
tals read out by PIN photo-diodes, which suffer must less from stability and
ageing problems. Similar systems using much smaller crystals for charged par-
ticle detection have achieved a/E ~ 0.25% for protons of ~ 50 MeV [13]. How-
ever the diode signal must be shaped with a characteristic RC time constant
normally not less than 1 //s, which implies a pulse width at tenth maximum
amplitude of ~ 4.5 /is. Moreover the imprecise time pickoff from detectors
of this type can obscure any coincidence signal in a high-random-background
experiment.

Counting-rate effects have to be considered in real-photon experiments, but are
obviously much more severe in high-luminosity, virtual-photon experiments,
especially where there is no magnetic field.

(i) At NIKHEF a survey was made [14] of counting rates close to a 12C target
at C ~ 1037cm~2s~1 which is close to envisaged ELFE values, although
"atomic spray" at ELFE energy would be much more forward peaked. Us-
ing a 5 mm-thick plastic scintillator they measured a normalised rate of
~ 3 MHz/(mA.msr.mg/cm2) at 50 deg., falling to < 0.1 MHz/(mA.msr.-
mg/cm2) above 65 deg. M0ller scattering is a major contributor, produc-
ing low-energy electrons which may easily be absorbed or swept by a weak
magnetic field. This pilot study tested plastic-scintillator hodoscopes for
(e,e'pp) reaction measurements. Apart from an entrance window the de-
tectors are encased in Fe and Pb shielding, and the degree of segmentation
is such that each detector element counts at ~ 1 MHz at full luminosity

(ii) In Mainz the d(e, e'n) neutron-electric-form-factor measurement [15] was
run at C ~ 5 x 1036cm~2s~1, using a Pb-Glass Cerenkov on the e' arm
and plastic scintillator for the neutrons. The e' calorimeter, comprised of
256 4 x 4 x 29 cm Pb-glass blocks, had a resolution a/E = 5.1/y/E + 1.7
% and with a detection threshold of ~ 100 MeV the singles rate from the
entire array was a modest 1 MHz//iA. The neutron detectors, made from
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Material

Density (g.cm~3)

Xo (cm)

RM (cm)

Light Yield (% Nal(Tl))

Peak A (nm)

Decay Const, (ns)

LSO(Ce)

7.4

1.39

2.15

>50

420

47

LuAP(Ce)

8.4

1.08

2.02

~50

365

17

PbWO4

8.2

0.92

2.35

0.75

430

2.2-39

BaF2

4.89

2.05

3.4

5(f); 20(s)

220(f);310(s)

0.7(f); 620(s)
Table 1
Inorganic scintillator characteristics.

180 x 20 x 10 cm and 300 x 20 x 5 cm plastic scintillator blocks required to
be shielded from the target by 50 mm of Pb and furthermore were shielded
from the electron beamline by 1 m concrete. Under these conditions the
elements nearest the target counted at a reasonable ~ 0.25 MHz (5 MeV
threshold), but obviously there are few experiments where 50 mm Pb
between target and detector can be tolerated.

(iii) Also in Mainz a p(e, e')p experiment [16] to measure parity violation
in elastic electron scattering has been proposed, to run at C ~ 5 x
1037 cm~2s~1 The e' detector will consist of 7x146 PbF2 Cerenkov detec-
tors giving 2<j> coverage at 8e ~ 35 deg. Expected e' rates are 107 Hz for
elastic and 108 Hz for inelastic which will present more of a problem to
the data acquisition system than the counters themselves.

3 New Experiments, New Materials

In current low-energy experiments ~ MHz singles rates in individual detec-
tors can be handled and this would seem a reasonable goal for future work.
To handle such rates, pulse width should be restricted to < 100 ns, which is
no problem for most plastic scintillators or Cerenkovs. Traditional inorganic
scintillators have much longer scintillation components, but some newer mate-
rials are considerably faster (Table 1.). For ELFE energies large light output
is not required, as can be seen from a recent test of PbWO4 at Mainz [17]
which gave a resolution of a/E = 2.45/V^E + 0.2 %. Good rise time and com-
pact size (small Xo and RM) give good timing, necessary to obtain a clean
coincidence in a high-rate environment. For detection of multi-GeV photons
detectors of ~ 20Xo length are necessary, and it may not always be straight-
forward to mass-produce crystals of this length. Simple crystals like PbF2

(Xo = 0.93 cm) [18] are probably easier to grow. Apart from BaF2 the listed
scintillators in Table 1. have short principle decay components. However weak
long components, e.g as observed in PbWC>4, could adversly affect resolution
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at high rate. A pure Cerenkov like PbF2 is more reliable in this respect and
has a resolution of ~ 3.5% at 1 GeV, which is not much much worse than a
scintillator. The inclusion of BaF2 in Table 1. may seem an anomaly. However
by coupling to a "solar blind" type of PM, photo-electric conversion of the
slow (long-wavelength) scintillation component could be suppressed, leading
to an ultra-fast scintillation counter.

There are many alternatives which must be considered in the design of a
calorimeter for ELFE work. Certainly the research performed in connection
with future LHC experiments [19] provides valuable guide lines, which should
be complemented by further tests in the ~ GeV region
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Abstract.
This paper describes experience with the operation of Microstrip Gas counters (MSGC's).

The properties of the detector as a particle detector are discussed, especially accuracy, attainable
countrates and lifetime in an intense particle flux. The possibilities and limitations of the MSGC are
illustrated by the application of the detector as a vertex detector in the Hermes experiment.

1. Introduction.
Fig. 1 shows the layout of an MSGC with an anode to anode distance of 200um and a gas

gap of 3mm terminated by a thin drift electrode. The surface of the glass substrate is covered with
anode and cathode strips etched in a lam thick metal coating. The voltage applied between
neighbouring strips is about 600V to obtain gas multiplication in the neighbourhood of the narrow
anode strips. The gas gap determines the amount of primary electrons freed in the case of a particle
passing through the detector and it determines the conversion efficiency in case of X-ray detection.
This last parameter can be easily adapted to the needs of the experiment. Electrons which are
liberated in the gas by a passing charged particle or a X-ray conversion, will move towards the
substrate by a driftfield of several KV/cm and sustain multiplication in the strong electric field near
the anodestrips. Diffusion during the drift in the gas causes the electrons to spread transversally, so
in general more than one strip carries a signal after the passage of a particle. Interpolation of the
signals results in a positioning accuracy, which in optimal laboratory conditions might be better
than 30um.

The electron multiplication can be tuned such as to obtain a measurable signal at the
preamplifiers connected to the anode strips. In general a useful signal contains in average about 40
000 electrons, so the value of the electron multiplication should exceed 1000. The density of signal
channels of an MSGC (about 5/mm) requires the use of micro electronics for read out of the pulses.
The strip density is lower however, than the input pad density of the preamplifier chips which is
mostly around 20/mm. A fan in of the anode strips to the bonding pads can be incorporated in the
strip pattern on the glass substrate to adapt the pitch of the strips to the pitch of the amplifier
inputs. Nearly all the chips developed till now are intended for use with Si strip detectors in nuclear
or high energy physics applications and consequently include heavy multiplexing in the read out.
Typically one chip contains 128 or 64 preamplifiers, which are read out in series after a trigger
command.

The collection time of the electrons produced by charged particle tracks is given by the drift
time across the gas gap. This implies that a high drift velocity is requied for applications with high
counting rates. The total number of electrons freed in a 3mm gas gap is typically 30 for minimum
ionizing charged particles, while a 5.6 keV X-ray conversion sets 220 electrons free in argon. Section
2 discusses some properties of gases, that can be used in tracker applications of MSGC's.
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Both the longevity and the dependence of the gas amplification on the count rate are
determined by the choice of the surface resistivity of the substrates. Section 2 gives also a discussion
about this effect together with data from different sources.

The response to particle tracks which are not perpendicular to the substrate surface is
important for the design of actual trackers. Therefore this is discussed together with the design of
the Hermes vertex detector. Finally we present some data of the first year of operation of the Hermes
detector.

2. Gases and substrates in MSGC's.
Figure 2 illustrates how different the detection efficiencies of commonly used counter gases

can be, when detecting minimum ionising particles in an MSGC [1]. The poor performance of noble
gases can be explained by the low primary ionisation per cm gas. Even helium was tested recently in
the test setup in IIHE in Brussels and it performs analogous to Ne/DME, as it is the DME that
provides the primary ionisation electrons. The drift properties of the preferred gases are dominated
by the DME content of the gas, as it is a "cool" gas, i.e. it exhibits a low electron mobility. This does
not imply a low electron drift velocity as the electric drift field across the 3 mm gap can be chosen as
high as 8 KV/cm. This gas property is beneficial for the operation of the MSGC in a magnetic field,
as the Lorentz angle is proportional to the electron mobility.

The MSGC is at first sight excellently suited for applications as a tracker in high intensity
experiments due to the large density of detection channels. There are some difficulties however,
which were the main cause to start a large research effort under the wings of the RD28
collaboration at CERN. The problem is, that an insulator like glass charges up during intense
irradiation and after a while the amplification is irreversibly diminished by a deposit of
polymerisation products on the metal strips (aging). Especially the cheapest substrates like
aluminium strips deposited on a D263 glass exhibit both the count rate effect and the aging effect
very strongly. As a result those counters can survive only in low intensity irradiation. The lower line
in figure 3 shows that a simple substrate made of aluminium on bare D263 glass can sustain
irradiation up till 2Khz/mm2. Higher intensities cause a substantial drop in gain [2].

Many laboratories have participated in the search for substrates which do not show the two
unwanted effects[3]. It became rapidly clear that a nonzero surface conductivity is necessary to avoid
both effects at the same time. Figure 3 shows two solutions which work equally well: The dots
indicate that an MSGC with a thin layer of conductive glass can sustain counting rates well above
l()5/mm2,while the triangles show the behaviour of the microgap chamber, a variation of the MSGC
with less exposed insulating surface [4].

In parrallel to the search for high count rate the search for low aging was pursued in RD28.
Figure 4 illustrates clearly the influence of metal and substrate on the life time of a detector. The
horizontal scale extends to 3 mC/cm strip, while at LHC one counts with a accumulated charge in 10
years of operating time of larger than 50 mC/cm. It is clear from figure 4 that simply changing the
metal from aluminium to nickel diminishes the aging effect by nearly a factor ten. The maximum
attainable count rate is not affected by the change of metal. The only way to attain a really long
lifetime of the counters is to operate them in a clean gas. This puts severe requirements on the
whole system including the container of the counters.
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Recently it is shown by a collaboration of IIHE, Brussels and the MSGC group at CERN, that a

setup very closely resembling the main element of the forward tracker of an LHC experiment (CMS)

can sustain very large irradiation doses. Figure 5 presents the actual setup: a carbon fibre box

containing two MSGC's side by side. The MSGC strips were gold and the surface made conductive by

a diamond like carbon deposit. Figure 6 shows the amplification as a function of the irradiation.

Recently the figure has been extended to 100 mC/cm with still no visible aging effects.

3. High energy physics applications.

Presently two experiments have been equipped with MSGC's by our group. Both set ups

use as preamplifier the APC64 [5]. Due to a manufacturing error the shortest gate width that could

be used was about 300 nsec for a non-synchronised trigger. Nevertheless, we installed 16 MSGC's

with 8000 channels of APC64 in the muon beam of SMC at CERN. This beam has an intensity of 20

Mhz, so every beam particle selected by the trigger was accompanied by 6 spurious tracks. The

resulting efficiency of track finding was low, although the accuracy of 50 fim per plane was as

expected.

The second application is in the vertex tracker of Hermes. It consists of 12 planes carrying

56 MSGC substrates with 26000 channels in total. Figure 7 shows a layout of the vertex detector.

Two planes are built so as to follow the angles of the incident particles. This was necessary as the

resolution and the track separation deteriorate rapidly, if the particle incidence deviates more than

100 mrad from the normal to the substrate [5]. Figure 8 shows the resolution of the detector as a

function of the incident angle of the particle. The two curves are obtaind by two different ways to

determine the position of the incident particle. It is clear, that at the full acceptance angle of 170

mrad the performance of the MSGC's is severely deteriorated. The flat planes contain strips at

stereo angles of+/-3O0, so here the trick of the angle adjustment was impossible. Figure 9 shows the

layout of a 30° plane. These planes are constructed from five separate substrates, joined together

without overlap. There is no loss of efficiency, due to the cracks between the substrates. The count

rate in the detector is very modest, but the read out time allotted by the experiment was only 35

jisec. This excluded read out of several chips in series, so pulse height registration became

prohibitively expensive due to the large numbers of digitisers in the form of flash ADC's. Instead the

read out is done by one discriminator per chip, so the discriminator has to cope with the pedestals of

all 64 channels in the chip. The result is, that even with a base line follower the threshold of the

discriminator has to be set so high, that it is difficult to obtain an efficiency per plane higher than

95%. For the six planes the efficiencies are measured to be:96%,95%,93% and three of 92%. These

numbers include all effects due to interrupted strips or broken electronics. The accuracy of tracking is

aroumd 50um.

4. Conclusion.

The MSGC comes off age. The main difficulties in constructing large detector systems have

been solved, but the necessary know how is still thinly spread over a few laboratories. It is a pity,

that at NIKHEF the activity in this field will soon be discontinued, as this lab is presently nearly

the only place where MSGC's have been installed in real experiments.This experience will soon be

recuperated by the work of other groups at the trackers for Hera-B and CMS.
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1. Schematic CTOSS section through an MSGC on a .2 mm thick glass substrate. The anode
to anode pitch is .2 mm. Particles to be detected pass vertically through the substrate
and the drift electrode.
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MSGC
Efficiency Vs Threshold

DME/CO2 60/40

e 30/

N> Xe/DME 88/12

Xe/C2H6 88/12

Ar/C2H6 87/13

gas gap

10 15 2 0
threshold/noise ratio

2. The efficiency of an MSGC with 3 mm gas gap and 200M-m pitch for different gases.
DME stands for DiMethyl Ether. The measurements are done in a pion beam of 3 GeV/c
at the maximum cathode strip voltage, allowed by the different gases.
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Note, that the highest rate attained is more than 105/mm2.

157



2

1.2
NKHCF

08.30

D263 with Sa9Q0 undercoating, R, = 3E15 Q/D

0.9

O.S -

0.7 -

0.6 -

0.5

\ D263 with Ni sirios

Ar/DME (40%/60%)

, I • , , , i , , , ,

0.5 1 1.5 2.5 3 3.5

Q(macm)

4. Aging curves for four different MSGC configurations measured in the same set up.
MGC stands for micro gap chamber, a variation on the MSGC.
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5. Schematic drawing of the test chamber for the forward tracker of the CMS experiment.
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6. Aging or rather the absence of aging in the test chamber of figure 5.



set-up Hermes VC tracker
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7. Lay out of the vertex detector of the Hermes experiment.



<j[,urr\ Resolution versus Slope - Run 198 (data)
400

560 I

320

280

240 -

200 —

160 -

120 -

80 -

40 -

-0.6 -0.4 -0.2

8. Positioning accuracy as a function of incident angle for cosmic rays.
The dots represent the resolution, if the position is measured by analog read out.
The triangles Tespresent the resolution in the case of digital read out.
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1 Introduction

A great effort has been invested the last 8 years to develop gaseous detectors capable
to operate in high rate environements, with particle flux beyond 104 particles/mm2/s,
which is the limit of operation of conventional MWPCs. The motivation is great for
both future high energy physics projects or contamporary medical radiography.

Recently a new promising technique, called MICROMEGAS, has been proposed and
experimental results obtained using a small prototype have been published. It consists
of a two-stage parallel-plate avalanche chamber of small amplification gap (100 /im )
combined with a conversion-drift space. Encouraging results obtained with the small
prototype are described in reference [1].

In this paper we present results obtained with large area detectors. The main
advantages of this type of detector are the following :

1. High granularity can be obtained in a straight forward fashion. Strips of several
tenths of microns are printed using conventional low-cost lithography on a epoxy
or thin kapton substrate.

2. Low material : there is not any obstacle to reduce the total material of the
detector at the level of the MWPC radiation lenght. Our goal is to have a total
material not exceeding 10% of the radiation length of a typical silicon detector.

3. High counting rate : the positive ion signal has a duration of 100 ns. The fast
evacuation of positive ions combined with the high granularity of the detector
provide a high rate capability. First results indicate that a counting rate superiour
to 106 particles/mm2/s can be obtained.

4. Stable operation and excellent aging behaviour of the detector has been observed

5. Low cost : the construction of the detector is achieved using known-low-cost
technology. So the total cost is inferiour to the silicon and the MSGC detector.
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2 Description of MICROMEGAS and experimen-
tal results

The amplification occurs between the mesh plane and the microstrip plane. A small
gap, of about 100 //s, between the anode and cathode plane is kept by precise insulating
spacers. The device operates as a two-stage parallel plate avalanche chamber and it
is called MICROMEGAS (MICRO-MEsh-GAseous Structure). It is a miniaturized
version of a very asymmetric two-stage parallel plate detector. A micromesh separates
the conversion space, of about 3 mm, from a small amplification gap that can be as
small as 100 //m . This configuration allows us to obtain, by applying reasonable
voltages in the three electrodes, a very high electric field in the amplification region
(about 100 kV/cm) and a quite low electric field in the drift region. Therefore, the
ratio between the electric field in the amplification gap and that in the conversion gap
can be tuned to large values, as is required for an optimal functioning of the device.
Such a high ratio is also required in order to catch the ions in the small amplification
gap: under the action of the high electric field, the ion cloud is quickly collected on
the micromesh and only a small part of it, inversely proportional to the electric field
ratio, escapes to the conversion region. Figure 1 shows a schematic representation of a
typical detector. It consists of the following components:

1. Anode electrode. Copper strips of 150 ^m , with 200 //m pitch, are printed on a 1
mm substrate. The thickness of the copper strip was 5 //m . Thinner strips were
easily obtained by vacuum deposition. These allow a substantial reduction of the
interstrip capacitance. Both metal-deposition techniques can be applied on a 25
/im thick Kapton substrate, whenever a reduction of the material of the detector
is required. The strips were grounded through low-noise charge preamplifiers of
high gain (4 V/pC).

2. Quartz fibres of 100 /jm , with 4 mm pitch, were stretched and glued on a G10
frame or a kapton foil. The quartz frame was then mounted on the strip surface,
defining a precise (2%) gap. Thicker (145 and 230 /im ) quartz spacers were also
utilized during our tests.

3. The micromesh. It is a metallic grid, 3 fim thick, with 17 fim openings every 25
fjiva . It is made of nickel, using the electroforming technique. The use of the
photographic process and especially high-resolution emulsions, enssures a high
precision, better than 1 fim . The transparency was measured to be 45%.

4. The conversion-drift electric field was defined by applying negative voltages on
the micromesh (HV2) and a slightly higher voltage on a second electrode (HV1),
spaced by 3 mm in order to define a conversion-drift space. This second electrode
was made by a 2 micron aluminized mylar.

5. The gas volume. The various elements of the parallel-plate structure were placed
in a tight stainless steel vessel flushed by a standard gas mixture of Ar + 6%
Iso-butane at atmospheric pressure. Simmilar results were obtained by flushing
with an Argon and DME gas mixture.

Ionization electrons, created by the energy deposition of an incident charged particle
in the conversion gap, drift and can be transferred through the cathode micromesh;
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they are amplified in the small gap, between anode and cathode, under the action of
the electric field, which is high in this region. The electron cloud is finally collected by
the anode microstrips, while the positive ions are drifting in the opposite direction and
are collected on the micromesh. The electric field must be uniform in both conversion
and amplification spaces. This is easily obtained by using the micromesh as the middle
electrode. The electric-field shape is, however, disturbed close to the holes of the
micromesh. The knowledge of the shape of the field lines close to the micromesh is a
fundamental issue for the operation of our detector, and especially for the efficiency of
the passage of electrons through the micromesh, as well as, for the fast evacuation of
the positive-ion build-up.

A simmulation program, based on the CASTEM2000 software, has been invested.
A special set-up has been used to check the validity of those calculations. Details of
the structure of that program, as well as the experiment which was pefrormed , are
given in reference [1]. Figure 2 shows the transmission of the micromesh, as a function
of the ratio £=E2/E1, El is the electric field in the conversion space and E2 in the
amplification space. There is a fast rise up to a ratio of about 10; then a slower rise up
to a ratio 40; finally a plateau when the full elect ron cloud is transmitted through the
micromesh. This is a particular behaviour, which characterizes the micromesh, and
it is different from the measurements obtained with conventional wiremeshes having
larger holes. At a first order, the agreement with our simulation model is satisfactory.

Several prototypes, with a dimension of 15*15 cm**2, have been recently con-
structed and tested. Most of the measurements were performed by using an amplifica-
tion gap of 140 /^m . Since anode strips were grounded, a negative voltage was applied
on the anode grid HV2 and a slightly more negative voltage on the drift electrode HV1.
Under these conditions electrons produced by the radioactive source in the conversion
gap were easily transferred to the amplification gap through the fine grid. Comfortable
signals were obtained by irradiating the detector with 241Am or 55Fe radioactive source.
The rise-time of the signal was about 200 ns, corresponding to the drift of the ion cloud
produced during the avalanche process. With a smaller gap of 75 ns, the rise-time was
inferior to 100 ns as is shown in Figure 3. Obviously after that lapse of time, ions
produced in the avalanche, which can disturb the electric field, are fully evacuated
from the detector; it is therefore possible to detect a second particle entering the same
area. It gives a substantial improvement in terms of rate capability over conventional
gaseous detectors. We were able to observe fast signals due to the collection of the
electron cloud in the anode. Figure 4 shows such a signal taken through a fast current
preamplifier. The rise-time is 4 ns and it is a convolution of the physical effect itself,
the rise of the amplifier and the capacitance of the channel.

We must point out that gains supperior to 104, using a standard gas mixture of
Ar + 10% CH4 at atmospheric pressure, could be safely reached. Notice that, using
more adequate quenchers, superior gains must be achieved. At those gain values single
electron detection is possible and therefore it could be possible to reduce the conversion
gap to 2 mm or even to 1 mm, using a heavier gas. Reducing the conversion gap one
can reduce the parallax error for inclined tracks and improve the spatial resolution.

The energy resolution of the detector was measured using the 55Fe radioactive
source. The obtained pulse-height distribution is shown in Figure 5. One can easily
separate the 5.9 keV peak and the Ar escape peak at 3.5 keV. The energy resolution
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obtained, 13% (FWHM), is more than satisfactory. It shows that the detector can
achieve a reasonable homogeneity of the gain, in spite of possible fluctuations due to
mechanical misalignments inside the micro-amplification gap. Systematic long-term
gain-stability measurements have not yet been performed. But we can point out that
observed no notable effect of charge-up or drop of the gain during our tests after many
days of operation at high fluxes. Stability of gain and simple low-cost construction of
the detector could be a considerable advantage of this detector compared to the MSGC
[2, 3, 4, 5] or the microgap [6] gaseous detector. Compared to the assymetric multiwire
chamber [7], its construction is simpler and the minimum required material is lower.

3 Conclusion - Outlook

These results indicate that our detector combines most of the qualities required for
a high-rate position-sensitive particle detector: excellent spatial resolution can be ob-
tained with fine strips printed on a thin G10 substrate or a thin kapton foil. High gain
in steady operation has been achieved. At such gain, high efficiency can be obtained
for minimum-ionizing particles with excellent signal-to-noise ratio. Reduction of the
conversion gap to 2 mm or to 1 mm can be envisaged in order to reduce electron dif-
fusion and the parallax error induced by inclined charged particles. This would also
improve the spatial resolution. The fast evacuation of the ion space charge and the
high granularity of the detector open the way to the achievement of very high counting
rates, beyond 106 particles/mm2/s. Using conventional charge preamplifiers with long
picking time, the total rise-time is of the order of 100 ns, which corresponds to the
total ion drift time, without any shaping of the signal. In some applications it can be
envisaged to use fast current preamplifiers with time constants of the order of 1 ns to
catch the electron signal. The device is simple, easy to operate, and cost-effective. The
excellent energy resolution obtained with MICROMEGAS show that the mechanical
precision of the various elements of the detector is under control.

4 Figure captions

Figure 1. A schematic view of Micromegas: the 3 mm conversion gap and the amplifi-
cation gap separated by the micromesh and the anode strip electrode.

Figure 2. Measured electron transmission through the micromesh for various values
of the <f ratio

Figure 3. Signal seen on the anode by a charge preamplifier. The rise-time reflects
the ion cloud collection.

Figure 4. Fast signal measured on the anode using a fast-current preamplifier.

Figure 5. Pulse-height distribution from an 55Fe source. The position of the 5.9
keV peak corresponds to a gas gain of 2000.
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1 Introduction

The ATLAS collaboration has designed a general purpose detector to be operated
at the Large Hadron Collider (LHC) at CERN [1]. The design of the detector took
into account the requirements from the physics and the constraints from the collider,
but also the cost and technological aspects. It is supported by a large amount of
detailed simulations and test activities.

The performances which are required to meet the physics goals are the following:

- The search for Higgs bosons through their decays into two photons or four elec-
trons requires a good electromagnetic calorimetry.

- The search for Higgs bosons decaying into four muons requires a robust muon
system.

- Supersymmetric particles often decay into an invisible neutralino plus other parti-
cles, leading to a missing energy signature which can be measured with an hermetic
detector.

- The measurement of the top quark mass requires a good measurement of jets.
- b quark and r lepton identification requires the precise measurement of secondary

vertices.

The ATLAS detector is shown in figure 1. It covers a large fraction of the 4n angle,
offers robust and redundant physics measurements and allows for triggering at low
PT (about 10 GeV) thresholds.

In order to achieve the design LHC luminosity of 1034 cm"2 s"1, the bunch spacing
will be only 25 ns, leading to about 20 minimum bias events ("pile-up") and about
1000 charged tracks produced at each bunch crossing. Therefore, the detector must
be fast, fine-grained and radiation hard.

The following sections describe the various subdetectors, starting from the inner
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Fig. 1. The ATLAS detector

tracker detectors which surround the interaction point, going through the electro-
magnetic (EM) and hadronic (HAD) calorimeters, and ending up with the external
muon spectrometer and a few characteristics of the trigger system.

2 The ATLAS inner tracker

The inner tracker must be able to find tracks with more than a few GeV of trans-
verse momentum and/or isolated tracks, to find photon conversions, to measure the
momenta of these tracks and to provide a 6-jet tagging information. The choosen
technologies must be radiation hard (up to 30 kGy / year) and the amount of ma-
terial must be as low as possible to limit the number of photon conversions, the
amount of bremsstrahlung by electrons or the secondary interactions by hadrons.

The layout of the inner tracker is shown in figure 2. It operates in a magnetic field
of 2 T provided by a super-conducting solenoid. It consists of a cylindrical barrel
part and of two endcaps made of wheels, and combines, down to 10° of the beam
line, the measurement of a low number of high precision points at low radii, and a
large number of points at higher radius, with electron identification capability.

The high precision layers consist of Silicon pixel or strip detectors, which must
operate at Q°C for radiation hardness, complemented by AsGa wheels at low radii
in the forward direction. The outer part of the tracker is a Transition Radiation
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Tracker, with about 370 000 staw tubes interleaved with foam radiator.

With this geometry of the inner tracker, the track reconstruction efficiency is above
97% for tracks with PT greater than 2 GeV/c, with a rate of fake tracks far below
the rate of real tracks from the superimposed minimum bias events, the momentum
resolution is about 2% at 40 GeV and, with the help of the pixel layer located at a
radius of 4.5 cm, the 6-jet tagging efficiency can be 70% for an efficiency of tagging
non 6-jets of 1%.

3 The ATLAS calorimeters

The layout of the ATLAS calorimetry is shown on figure 3.

3.1 The electromagnetic calorimeter

The EM calorimeter is a lead / liquid argon sampling calorimeter. This technique
has been usedriri high energy physics since 1974 and can be made fast enough for
operation at the LHC by using the accordion geometry [2]. This geometry has been
tested using prototypes with speed and sizes similar to the LHC conditions since
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Fig. 3. The ATLAS calorimeters

1990, and the performances which are obtained are the expected ones. The sampling
terra of the energy resolution is 10% / y/~E and the constant term, measured by a
scan of 153 cells, is about 0.6%. The lead / liquid argon technology is radiation
hard, and tests are being performed to verify that additional materials such as glue
do not pollute the liquid. Finally, it is very easy, by etching the copper readout
electrodes, to integrate 3 samplings in depth for the measurement of the photon
direction, a preshower for J/IT0 separation, and to optimize the granularities for the
best performances.

The drawbacks of this technology arise from the necessity for cryostats. Careful
engineering and simulation studies must be performed to limit dead spaces and
the material in front of the calorimeter. The feedthroughs which bring out of the
cryostats the 100 000 channels must be mechanically and electrically reliable. Finally,
it was recently choosen to have all front-end electronics located outside the cryostats,
as no access is possible with the alternative choice of cold electronics.

The design of the ATLAS EM calorimeter is now final, including, for example, all
mechanical studies of the support rings, the assembly scenario, and the schedule for
tests of modules at CERN. The construction of the first real size module has started.
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3.2 The hadronic and forward calorimeters

The barrel part of the hadronic calorimeter is a sandwich of stainless steel plates and
3 mm thick scintillator tiles [3]. The tiles are read from both edges by wavelength
shifting fibers. The fibers are grouped to form semi-projective cells. Groups of fibers
are read-out by photomultipliers located behind the calorimeter.

A large prototype of the tile calorimeter has been tested at CERN, either in stan-
dalone tests or together with the EM calorimeter prototype. A pre-series prototype
of a single module has been built and tested in summer 96.

Two hadronic plugs complete the coverage in the forward direction. There are made
of 25 to 50 mm thick parallel copper plates interleaved with 8 mm thick liquid argon
gaps, and located in the same cryostats as the EM endcaps.

Still in the same cryostats, calorimeters made of tungsten matrices with 250 / 500
argon gaps are used to complete the coverage down to 0.8° of the beam line.

4 The ATLAS muon system

The ATLAS muon system consists of a large air-core superconducting toroid magnet,
precision muon chambers and fast trigger chambers. The layout of the muon system
is shown in figure 4.
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The toroid magnet consists of a 26 m long barrel part and of two endcaps inserted
at each end of the barrel. Each toroid consists of eigth flat coils. In the barrel, each
coil has its own cryostat, whereas all the coils of each endcap toroid are located in
one cryostat. The advantage of the toroid magnetic configuration is to allow for a
good momentum measurement even in the forward direction. The open structure
of the magnet system offers the possibility to optimize the layout of the precision
chambers, with, for example, a direct measurement of the sagitta of the muons.
Moreover, the large structure allows for the use of a moderate magnetic field, on
average 0.7 T, which imposes less constraints on the superconductors and on the
cooling system.

To fully exploit the high potential of this magnet layout, about 5 500 m2 of high
precision chambers will be built. Most of the chambers will consist of layers of drift
tubes, with a single tube resolution, measured in test beam, of 80 fim. Such chambers
can operate up to a background rate of 200 Hz/cm2. At low angle, where the rate
is about 1 kHz/cm2, Cathode Strip Chambers will be used.

The chambers will be aligned with a precision of 30 //m by using projective and
in-plane light rays. Checks of the alignment scheme at real size scale are being
performed.

5 The ATLAS trigger system

The ATLAS trigger system [4], organized in three levels, must cover all relevant
physics processes and reduce the dataflow to 100 Mb/s. The first level uses only
information from the calorimeters and the muon trigger chambers. It operates at
40 MHz with pipelined data and is able to identify the bunch crossing. It defines
regions of interest which are used by the second level. Finally, at the third level, 106

Mips of processors will perform a complete event reconstruction.

6 Conclusions

The design of the ATLAS detector has been, from the beginning, supported by a
large amount of test activities and by full simulation of all relevant physics channels.
It is now well advanced, and the writing of Technical Design Reports has started.
The construction of the detector will meet the LHC schedule.
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Abstract

The recent development of new processes has lead to the fabrication of small
density silica aerogel with high optical quality. The BaBar experiment, in order to
achieve its physics program, requires a good pion/kaon identification capability up
to 4.3 GeV/c able to work inside a 1.5 Tesla magnetic field. An aerogel threshold
counter using the combination of 2 refractive indices (1.055 and 1.007) can be used to
complete the angular coverage of the particle identification system in the forward
region. Different detector geometries read out by two photo-detectors types (fine
mesh phototubes and Hybryd Photo-Diodes) have been considered and tested in
CERN beam test.
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1 Introduction

The main physics goal of the BaBar experiment [1] is the measurement of the
CP violation parameters in the B sector. In order to measure the a angle of
the unitarity triangle one must be able to distinguish the decay B° —>• 7r+7r~
from B° —> K+ir~. The momentum of these pions or kaons is of the order of
4 GeV/c in the forward region. To measure the time dependent CP violation
asymmetry, one should determine the nature of the B meson emitted in the
opposite direction to the one decaying in a CP eigenstate. This tagging can
be performed using decays with a single kaon and measuring its sign. In this
case, the kaon momentum is mostly below 1.5 GeV/c.

The particle identification in this momentum region (0.5 - 4.3 GeV/c) can be
performed using the combination of 2 aerogel counters with indices equal to
1.055 and 1.007.

Two geometrical designs covering the forward region of the BaBar detector
have been considered:

- The first one, is a 2-layer, 2 ring design In each ring, there is one layer of
high index (n=1.055) aerogel and one layer of low index (n=1.007) aerogel
readout either by Hamamatsu fine mesh phototubes (FM) (1.5" for the high
index and 2" for the low index), or by Hybrid-Photo-Diodes (HPD). These
photo-detectors are connected to the aerogel containers with a pyramidal
shaped air light guide located on the top and on the bottom of the rings.
The aerogel containers are wrapped with multiple layers of high reflectivity
PTFE film.

- The second design consists in 2 super-layers, each one with two counters
with low and high aerogel indices. The second super-layer is shifted with
respect to the first one, in order to prevent loss of signal when a particle
crosses the photo-tube window in one of the layers. The aerogel blocks are
placed inside cells wrapped with multiple layers of high reflectivity PTFE
film. Each high (low) index cell is read out by 2 (3) 2" Hamamatsu fine
mesh phototubes.

Prototypes corresponding to the different design have been tested in a cern
beam line [2] [3] [4].

2 Description of the beam line and apparatus

The prototypes have been tested in the PS T10 beam line at CERN. This
beam could provide positive and negative particles with momenta between
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1 and 5 GeV/c. The beam components were mainly pions and protons. The

C1 C2

Moving Table

Fig. 1. The T10 beam line with the apparatus

beam line was equipped with 2 CO2 Cherenkov counters filled at a 4.3 bar
pressure. The beam was defined by the coincidence of 3 scintillation counter
signals, its extension being limited by the third counter (1 x lcm 2) . Another
thick (1 cm) veto scintillator counter was read out in a CAMAC sealer in order
to count the number of particles crossing the setup in a 1 fisec gate. The three
prototypes were placed on a moving table (figure 1). The 2-layer prototype
was composed of 2 separated cells:

- The low index cell, had a dimension of 10 x 10 x 14 cm3. It was filled with
5 aerogel slices of 9.5 x 9.5 cm2 front face and 2.6 cm thick. The aerogel has
been produced by the Jet Propulsion Laboratory (JPL), and had a nominal
index of 1.008. The light was read out either with a 2", 19 stage, Hamamatsu
R5504 fine mesh photomultiplier tube, or by two 1", Hybrid Photo-Diodes.

- The high index cell, had a dimension of 10 x 10 x 6 cm3. Two sets of aerogel
blocks have been tested, one from Airglass with an index n = 1.055 and
another from the Boreskov Catalysis Institute in Novosibirsk with an index
n = 1.050. The counter was read out either with a 1.5", 16 stage Hamamatsu
R6148 fine mesh photomultiplier tube, or by one 1" HPD.

The photo-detectors were connected to the cells with a pyramidal shaped air
light guide. The walls of the cells and of the light guide were wrapped with
multiple layers of high reflectivity 250 fim PTFE film on top of aluminized
mylar.

The 4-layer prototype with low index aerogel is shown in figure 2, the walls
were wrapped with three layers of 250 /zm PTFE film. The counter was filled
with 69 mm thick aerogel with 1.012 refractive index. It was readout with
three 2" fine mesh photo-tubes.
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PROTOTYPE N=UM8
4 LAYER, TM PHT

Fig. 2. The 4-layer, low index prototype.

3 Calibration of the photodetectors

Due to the mesh structure, fine mesh phototubes do not permit to resolve
the single photo-electron peak. In order to calibrate this device we injected in
the cell, with an optical fiber, the light of an LED tuned such that ~ 95% of
the triggers result in "0" photo-electron (p.e.) detected (pedestal). A typical
spectrum is shown in figure 3 (left). The calibration is deduced from the mean
value of the signal distribution outside the pedestal region. There is some
contribution of the single photo-electron below the pedestal which should be
estimated, this is the main source of error on the calibration (~ 5%).
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Fig. 3. Left: Fine mesh response in the single photo-electron regime. Eight: HPD
response for ~ 1.5 photo-electrons detected in average

With its excellent resolution, the HPD is able to resolve the single and the
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multi photo-electron peaks. The calibration is easier than for the fine mesh
phototubes. Figure 3 (right) shows a typical spectrum obtained with an LED
tuned in order to get ~ 1.5 p.e. detected in average. The spectrum is fitted with
a Poisson distribution convoluted with a gaussian, the calibration constant is
deduced from the separation between two consecutive peaks. The error on
calibration is ~ 1%.

4 Results on low index aerogel

4-1 Response to (3 = 1 •particles

The low index aerogel prototypes were exposed to a 5 GeV/c negative pion
beam (/? ~ 1). The events were selected by requiring a clean signal in both
gas Cherenkov counters, and by asking only 1 count within 1 /zsec in the veto
counter to reduce pile up events.
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Fig. 4. Average number of photo-electrons versus the vertical distance to the center
of the box for the 2-layer prototype with fine mesh (left) and HPD (right) readout

Figure 4 (left) shows the observed average number of photo-electrons as a
function of the vertical distance (y) to the center of the cell for the 2-layer
prototype(n=1.008) with fine mesh phototube readout. The light guide en-
trance was placed on top of the box at y=5 cm. The lower curve correspond a
standard wrapping with multiple layers of PTFE while, for the upper curve,
we have added one extra layer of PTFE impregnated with PMP 420 wave-
length shifter [5]. One can see that with PMP we gain 35% of the light in the
middle of the cell, and 65% at y=-3 cm. The wavelength shift from ~ 350 nm
to ~ 420 nm has the obvious advantage to decrease both the absorption and
the Rayleigh scattering which is responsible for increasing the photon path
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length. This effect is naturally enhanced when the crossing particle is close to
a shifting wall.

Figure 4 (right) shows the result of the same scan for the 2-layer prototype
with HPD readout. In both cases (fine mesh or HPD) we do not observe a
strong dependence of the signal with the position of the incident beam in the
horizontal plane (< 5% for a 2 cm displacement)

Figure 5 shows the result of a scan in the vertical plane for the 4-layer pro-
totype. The aerogel used in this case had an index of refraction n=1.012, the
3 curves: Nl, N2 and N3 are the number of photo-electrons detected by the
3 fine mesh phototubes, the sum: NSUM of the 3 signals is uniform with an
average number of photo-electrons equal to 11.4

Fbints

Fig. 5. Number of photo-electrons for different impact point on the 4-layer prototype,
the aerogel refractive index is 1.012. The impact points correspond to the positions
indicated on figure 2

4-2 Background from below threshold particles

We have studied the signal induced by below threshold particles. For this pur-
pose, we have used a 5 GeV/c proton beam selected by asking the absence of
signal in both gas Cherenkov counters and by cutting events giving more than
1 count in the veto counter. The following table summarizes the measured
background in the different conditions. The first column indicates the proto-
type, the second the background, and the third the corresponding number of
photo-electrons for a f3 = 1 particle. As the aerogel used for the 4-layer option
has an index of 1.012, we indicate in parenthesis the estimated numbers for
n=1.008.
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Prototype

2-layer fine mesh

2-layer HPD

4-layer

Background (p.e)

0.9

0.6

0.5 (0.3)

Response for (3 = 1 (p.e)

13.4

8.6

11.4 (7.8)

The background is coming mainly from Cherenkov light in PTFE and 8 rays
in the aerogel.

Figure 6 shows the proton contamination: (V(p —»• 7r)) and the pion ineffi-
ciency: (V(TT —* p)) as a function of the cut applied on the number of photo-
electrons to decide if an event corresponds to a pion or a proton. The upper

- 1 0 1 2 3 4 5 6 7 8 9
Threshold Value (pe)

• 0.5 1 1.5

2 4
Threshold, \ p c

Fig. 6. V(T —r P) and V(P —> TT) as a function of the threshold in photo-electrons
for the 3 prototypes. The different curves on each figures correspond to configuration
with different average number of photo-electrons for (3 = 1 particles.
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left figure corresponds to the 2-layer option with fine mesh phototube readout,
the upper right to the 2-layer option with HPD readout and the lower one, to
the 4-layer option. For the 4-layer option, as the aerogel used had an index of
1.012, the response for n=1.008 is estimated by summing 2 phototubes over
the 3. V(p —• TT) is the probability for a proton to give light in the counter
and to be identified as a pion and V(ir —> p) is the probability for a pion, not
to give enough light in the counter and to be identified as a proton. The point
for which those two probabilities are equal is considered as a figure of merit
of our detector and permits us to compare different configurations. One can
remark that with the 4-layer option, it is possible to set a low threshold on
each phototube, and to cut on the number of phototubes with a signal above
threshold to decide whether a particle has given light or not.

5 Results on the high index aerogel

Figure 7 shows the average number of photo-electrons as a function of the
vertical distance (y) to the center of the cell for the 2-layer option with fine
mesh phototube readout. The lower curve correspond to n= 1.055 aerogel from
Airglass and the higher one to n=1.050 aerogel from Novosibirsk. One can see
that the Novosibirsk aerogel gives more light than the Airglass one. The table
below summarize the minimum observed number of photo-electrons for the 3
different prototypes with the Novosibirsk aerogel.
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Fig. 7. Average number of photo-electrons versus the vertical distance to the center
of the cell for the 2-layer prototype with fine mesh phototube reading

Prototype

Number of Pe

2-layer fine mesh

10

2-layer HPD

9.7

4-layer

11

186



A study with 1 GeV/c proton performed with the 2-layer high index prototype
with HPD readout shows that the background is ~ 0.20 p.e. and that one can
get a proton contamination of 2.0% for a pion efficiency equal to 98%.

6 Conclusion

We have tested 3 compact aerogel threshold counter prototypes with 2 indices,
all prototypes provide enough photo-electrons for (3 — 1 particles with a low
background, to be used as a powerful particle identification detector.

The new HPD tubes proved to be a reliable photo-detector.

The PMP 420 wavelength shifter increases substantially the light collection
efficiency.

There is still some room for improvement with the new fine mesh phototubes,
which have an increased effective photocathode diameter and a higher mesh
density.
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Abstract

The CMS detector has been designed to detect cleanly the diverse
signatures from new physics by identifying and precisely measuring muons,
electrons and photons over a large energy range and at high luminosity.
Therefore the design goals of CMS are: a good and redundant muon
system, a high quality central tracking, an electromagnetic calorimeter
with good energy resolution and high granularity.
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1 Introduction

CMS is one of the two multipurpose
experiments which will be installed on
the LHC machine.

The 2-photon and 4-lepton chan-

sions of the detector are: a length of
21.6 m (very forward calorimeters ex-
cluded), a diameter of 5.9 m and a to-
tal weight of 14500 tonnes. The mag-
netic flux is returned via a 1.8 m thick
iron yoke which is instrumented with

nels are crucial for a discovery of a Higgs m u On stations. The barrel and the en-
boson in the minimal supersymmetric c apS cover a rapidity range of 6 rapid-
model (MSSM); excellent detector res- ity units (\rj\ < 3.0).
olution and acceptance are needed. Var- The LHC machine [1] parameters
ious channels involve the tau lepton; impose some constraints on the perfor-
precise impact parameter measurements manCes of the detector. The high nom-
play an important role here. Events inal luminosity (1034cm~2s~1) of the
with many high energy jets and large
missing transverse energy are the most
obvious and model independent signa-
tures in searches for the supersymmet-

ric partners of quarks and gluons; the

14 TeV proton-proton collider yields a
large interaction rate which must be
reduced by an online event selection.
The detector and the information treat-
ment must cope with a bunch crossing

background due to jet events faking miss- frquency of about 40 MHz . Many su-
ing transverse energy because of cracks
or tails in the energy resolution func-
tion can be kept well below that from
physics background. The copious pro-
duction of B mesons at LHC opens the
way for significant measurements of CP
violation effects in the B system. Fur-
thermore by observing the time devel-
opment of b6 oscillations, the mixing
parameter x c a n be measured for val-
ues up to 20-25.

For a high luminosity proton-proton
machine it is natural to optimize first
the muon detection system. The re-
quirement for a compact design led to
the choice of a strong magnetic field.

perimposed minimum bias events (a w
70 mb) will require high granularity de-
tectors with good time resolution. High
granularity is the only way to reduce
occupancy. In addition detectors will
have to withstand high radiation lev-
els. The crystals and scintillators are
particularly sensitive to gammas whilst
silicone devices are highly sensitive to
neutrons. The estimated radiation lev-
els integrated over the first 10 years,
where 5 • 105pb~1 are expected to vary
from 0.3 • 104 Gy and 2 • 1013 n/cm2 in
the central region to 20 • 104Gy and 50 • 1013 n/cm2

in the forward region.
A complete description of the CMS

The only practical magnet that can gen- detector (figure 1) can be found in [2].
erate a very strong magnetic field is a
solenoid. A magnetic field of 4T guar-
antees large bending power and good 2i J. l i e -LrclCKing
momentum resolution for high momen-
tum without strong demands on the
chamber space resolution. The large
radius of the solenoid allows the full

The design goal of the central tracking
system (figure 2) is to reconstruct iso-
lated high pt tracks with an efficiency

calorimetry to be located inside the solend?lbetter t h a n 9 5 % a n d h i S h P1 t r a c k s

Hence the coil does not affect the calorime^ithin Je t s w i t h a n efficiency of better
ter performance. The overall dimen- t h a n 9 0 %- Important discoveries may
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depend on the ability of the tracking
system to perform efficient b-tagging
even at the highest luminosities. This
has led us to add a few layers of silicon
pixel detectors close to the interaction
vertex. Our design goal is to achieve an
impact parameter resolution at high pt
of order 15 /jm. Microstrip detectors
are the natural choice for the layers fol-
lowing the pixels. The outer tracker
layers employ microstrip gas chambers
(MSGC). Because of the high magnetic
field a good momentum resolution is
achievable with only a few, high pre-
cision, detection planes. On the other
hand, good track finding capability sets
a lower limit on the number of detec-
tion planes. Good track finding per-
formance can be obtained provided at
least 10-12 points per track are recorded.
This leads to a large number of chan-

(34° Lorentz angle) results in charge
spreading over more than one pixel. Us-
ing charge sharing, resolutions of 15 /j.m
can be obtained. Since the electric and
magnetic field are parallel in the end-
cap detectors, one cannot use charge
sharing as in the barrel.

2.2 The Silicon Microstrip
Detector

The silicon tracker [4] is required to
have a powerful vertex finding capabil-
ity and must be able to distinguish dif-
ferent interaction vertices at full lumi-
nosity. The detector provides at least
three measuring points on each track.
Three layers of silicon microstrip de-
tectors instrument the radial region. To
avoid dead regions and allow easier align-
ment, the detector modules are assem-

nels (about 95 M -channels) which guar- bled with a few millimeter overlap. The
antee an occupancy of all tracker sub- high radiation levels at the LHC are
units smaller than 5% at high lumi- serious obstacles to the long term op-
nosity. A small number of detection eration of the silicon tracker system,
planes results in a relatively small amountThe devices can be safely operated if
of matter in front of the calorimeters the temperature is kept below 5° at all
not degrading their resolution signifi-
cantly.

2.1 The Pixel Detector

A silicon pixel detector [3] consisting
of 2 barrel layers and 3 endcap layers
is placed close to the beam pipe with
the task of:

assisting in pattern recognition by
providing 2 or 3 true space points per
track over the full rapidity range of the
main tracker,

improving the impact parameter res-
olution for b-tagging,

allowing 3-dimensional vertex recon-
struction by providing a much improved
z-resolution in the barrel part.

In the barrel, the large angle of drift

times even during maintenance.

2.3 The Microstrip Gaz Cham-
bers

The microstrip gas chambers (MSGC)
[5] provide a minimum of 7 hits for high
pt tracks over the entire acceptance.
The barrel region is made of 12 layers.
The intermediate forward region com-
prises 5 detection layers, while the end-
cap region is made of 9 layers. In order
to guarantee good resolution for high
momentum tracks, MSGCs in the bar-
rel are tilted by 16° to compensate for
charge displacement due to Lorentz an-
gle (induced by the 4T magnetic field).
The tilt causes a slight assymetry in
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reconstruction efficiency between posi-
tive and negative charged particles at
low transverse momenta only. The for-
ward region consists of an intermedi-
ate section, where MSGCs and silicon
detectors are arranged in a common
structure, and an encap zone, where
only MSGCs are used. The length of
the strips vary from 5 to 25 cm. They
have a pitch of 200 fim.

2.4

sagitta measurement in the iron yoke.
The last 2 measurements are per-

formed with the muon detector alone,
independently of the inner tracker. The
best resolution is obtained when all 3
methods are combined with the vertex
constraint of 15 ̂ xm. The redundancy
of the measurements makes the system
robust against background. Thanks to
the large bending power of the solenoid
only a moderate resolution per plane is

The Tracker Performanceneec*ec' anc* t n e r e f ° r e well-known cham-

The simulation of the tracker has been
used to evaluate the track finding effi-
ciency and the momentum resolution.
The track finding efficiency for a track
of pt > 2 and |T?| < 2.5 is 98% if it is
isolated and 96% if it is included in a
500 GeV jet. Figure 3 shows the mo-
mentum resolution versus the pseudo-
rapidity for 10 GeV to 1 TeV pt tracks.

3 The Muon Detector

The muon detector should fulfil 3 ba-
sic tasks : muon identification, trigger,

ber techniques can be used and the ac-
curacy of the alignment is not a strin-
gent requirement.

Several different muon detection tech-
nologies are considered to provide the
required position determination. In the
barrel, where the expected occupancies
and rates are low (< 10Hz/cm2) and
there is no appreciable magnetic field
in the vicinity of most the muon sta-
tions, a system of drift tubes (DTs) is
the natural candidate. In the endcap
region, cathode strip chambers (CSCs)
have been chosen because of their abil-
ity of functionning in a high non-uniform

j , , m. magnetic field. Furthermore LSCs can
and momentum measurement. 1 he muon . f , , . . , , , .detector is placed behind the calorime-
ters and the coil. It consists of 4 muon
stations interleaved with the iron re-
turn yoke plates. The magnetic flux in
the iron provides the possibility of an
independent momentum measurement,
and the number of multilayer muon sta-
tions ensures the reliability of the sys-
tem. The thickness of absorber be-
tween the stations prevents station-to-
station correlations due to high energy
muon radiation. The muon momen-
tum may be measured in 3 ways:

sagitta measurement in the inner
tracker,

bending angle measurement imme-
diately after the coil,

withstand high rate, and the signal from
the anode wires provide good time res-
olution for tagging the beam crossing.
Fast dedicated trigger detectors with
excellent timing capability and reason-
able position resolution will also been
installed. Resistive plate chambers (RPCs)
have been chosen for this purpose in
the barrel and in the endcap region.

The barrel muon detector (figure 4)
is based on a system of 240 chambers
of drift tubes arranged in 4 concen-
tric stations. Every station contains
a module of drift tubes and one layer
of RPCs for MS3 and MS4 and 2 lay-
ers for MSI and MS2. Each DT mod-
ule consists of twelve planar layers of
drift cells: 8 layers parallel and 4 layers
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perpendicular to the beam. To avoid
pointing cracks, chambers and differ-
ent stations are staggered in <j>. Station
MS4 has almost 100% acceptance due
to the overlapping of adjacent modules.
Numerous independent and separated
detection layers provide a redundant
and efficient rejection of <5-rays and muon
bremsstrahlung.

In the endcap regions, the muon
detector (figure 4) comprises 4 muon
stations. The CSCs contain 6 layers.
Each station is divided azimuthally into
36 sectors. To avoid dead areas in the
azimuthal coverage at the edges of the
chambers, all sectors are deployed in
an overlapping fashion. This ensures
that every forward muon will cross at
least 3 stations. In order to avoid a
gap between the barrel and the endcap,
station MF1 is supplemented with ad-
ditional stations MF1A et MF1B (not
overlapping azimuthally due to lack of
space).

3.1 The Barrel Drift Tube
Chambers

The drift cell of these classical cham-
bers has a cross section of 4xl.lcm2and
a maximum drift distance of 2 cm. Field
shaping electrodes, facing the wire, have
been added to improve the regularity
and the strength of the field along the
drift cell. This design has good space-
time linearity in spite of a 400 ns max-
imum drift time, for up to 20% CO2
in the gas mixture, and reduced sen-
sitivity to stray magnetic fields. Each
superlayer (4 planes of DTs) are stag-
gered by half the width of a tube. This
improves the efficiency of the super-
layer and the left-right ambiguity to be
resolved in the off-line reconstruction.
The final resolution depends mainly on
the precision of the wire pitch inside

the same layer and on the precision
of the staggering inside the superlayer.
The space-time linearity and the stag-
gering are also needed for the meantim-
ing circuit. This provides the bunch
crossing identification and gives prompt
imformation on track position and an-
gle in each station for the momentum
measurement at the Level-1 trigger.

3.2 The Cathode Strip Cham-
bers

A cathode strip chamber (CSC) [6] is
a self supporting construction based on
a flat panel, made of a sand witch of a
thick honeycomb panel between 2 thin
skins of copper-clad printed circuit boards.
Cathode strips are etched on one side
of the sandwiched panel. 6 anode planes
consisting of 30 fim diameter gold plated
wires spaced by about 2.5 mm are placed
between each pair of sandwiched hon-
eycomb panels. A gas mixture of Ar-
CO2-CF4 is used. In several CSC de-
signs resolutions of 40-70 fim per layer
have been achieved with strip widths
around 5 mm. The spatial coordinate
across the direction of the strips is mea-
sured by charge interpolation of the sig-
nal read from adjacent strips. The spa-
tial resolution of this interpolation is
proportional to the percentage error of
the charge measurement. To achieve
the best resolution for MF1 chambers,
the cathode charge measurement must
be accurate to within 1%. In the larger
chambers, the cathode charge measure-
ment should be accurate to 2% or bet-
ter. Signals from anode wires are used
to measure the radial coordinate and
to provide bunch crossing identification.
The associated use of cathode pads and
anode wires provides 2D-readout for each
detection plane.
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4 The Calorimetry

4.1

PbWO4 has a short radiation length
and a small Moliere radius leading to

The Electromagnet ic Calaranaie-ect and low volume ECAL
t e r

The physics process that imposes the
strictest performance requirements on
the electromagnetic calorimeter is the
intermediate mass Higgs decaying into
2 photons. Thus the benchmark against
which the performance of the electro-
magnetic calorimeter (ECAL) is mea-
sured is the di-photon mass resolution.
The mass resolution has terms that de-
pend on the resolution in energy and
the 2 photon angular separation. The
energy resolution

receive contributions from 3 terms: the
stochastic term a (w 3%), the constant
term b (« 0.5%) [7], and the energy

It has fast scintillation emission. About
85% of the light is collected in 25 ns.
The emission spectrum is centered at
510 nm. The temperature dependence
of scintillation light yield has been mea-
sured from -193 to +50°. The data are
well fitted by a quadratic function for
temperatures between -25 and +50°.
The temperature coefficient is -1.98%
per degree at 20°. A temperature sta-
bilisation to a few tenths of a degree
and monitoring system is thus required
for a precision calorimeter.

Good radiation hardness has been
demonstrated on full length PbWO4
crystals doped with niobium

Substantial production capability ex-
ists already. It is a relatively easy crys-
tal to grow from readily available raw

i " - " " ••> v~ v-v/u; [_*J' <*"<-' ""^- ^"^6 ,7 ma te i

equivalent of noise c (approx 25 MeV/channelX
In order to achieve a good energy res-
olution all the contributing terms have
to be kept small and should be of the
same order at the relevant photon en-
ergies. For the Higgs 2-photon decay
the angular term in the mass resolu-
tion can become important. An angu-
lar resolution of 50 mrad/VE~ can be
achieved by measuring the shower cen-
tre of gravity; at high luminosity this
measurement must be complemented
by the position given by a preshower

rials
'he previous drawback of low light

yield is effectively overcome by the re-
cent progress in the commercial pro-
duction of large area Si avalanche pho-
todiodes.

4.1.2 The Detector Design

The barrel (figure 5) granularity is 432-
fold in <j> and (108x2)-fold in 77. The
length of the crystals is 23 cm corre-
sponding to 25.8 XO. The front face
of each crystal has a square section of

detector if the vertex is not reconstructed.20.5x20.5 mrn2. This small section re-
sults in a low occupancy and a reduced
pile-up probability, netherveless a sin-
gle crystal contains about 80% of the
electromagnetic shower. All crystals
are positionned on a cylinder of a ra-
dius of R=1.44 m. Each half-barrel
will be built from 18 supermodules each

4.1.1 The Choice of PbWO4

A small stochastic term imposes the
choice of an homogeneous detector to
avoid additional contribution from sam-
pling fluctuations.

PbWO4 crystals have been chosen
for the ECAL for the following reasons:

subtending 20° in <p. Each supermod-
ule will comprise 4 baskets with almost
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equal numbers of crystals. The crystals
are arranged such that gaps pointing
at the interaction point either between
crystals or between modular divisions
be avoided. In both direction (r),<j>)
the crystals are individually inclined
at 3°. The endcap preshower contains
two planes of silicon strip detectors in-
serted after lead converter sheets of 2
and 1 XO.

4.1.3 Monitoring and Calibration

In order to keep the resolution of the
calorimeter at the required level the
whole system, consisting of crystals and
the readout chain, has to be calibrated
and monitored [8]. The 2 main tasks
are : monitoring with external excita-
tion (light) and in situ calibration with
isolated electrons. It is planned to cal-
ibrate all the crystals in a test beam
using high energy electrons before in-
stallation. Mesurement and the moni-
toring of the following quantities is re-
quired:

the temperature (01°)
the radiation level of neutrons and

gammas
the transparency of the crystals
the quantum efficiency and the gain

stability of the photodetectors

4.2 The Hadronic Calorime-
ter

The hadron calorimeter (figure 6) sur-
rounds the electromagnetic calorimeter
and acts in conjunction with it to mea-
sure the energies and directions of par-
ticle jets, and to provide hermetic cov-
erage for measuring missing transverse
energy. The granularity has been cho-
sen to match that of the electromag-
netic calorimeter and the muon cham-
bers. In the central region a hadron
shower a 'tail catcher' is installed out-
side the solenoid coil. The calorime-
ter readout must have a dynamic range
from 20 MeV to 2 TeV to allow the ob-
servation of single muons in a calorime-
ter tower while maintaining adequate
response for the highest energy hadronic
showers. The muon signal will be used
for calibration and assist in muon iden-
tification.The test beam data [9], with
optimal weighting for leakage yield a
resolution at rj = 0 of about 8% for
100 GeV particles.

The active elements of the barrel
and endcap hadron calorimeter consist
of plastic scintillator tiles with wavelength-
shifting fibre readout. The WLS fi-
bre is placed in a machined groove in
the scintillator. After exiting the scin-

the bias voltage applied to each APD tillator the WLS fibre is spliced to a
(0.01 V) clear fibre which transports the light

the gain of the electronics chain. to the edge of the megatile. Layers of
The energy equivalent of the elec- these tiles alternate with layers of cop-

tronics noise will be about 25 MeV/channpfer absorber. The tiles are arranged
Such a value does not allow the use in projective towers with fine granu-
of radioactive sources. Therefore only
light injection has been considered us-
ing several light sources. The complete
electronics chain will be checked bv test
pulses.

larity. Focused hybrid phototubes are
presently considered as suitable pho-
todetectors. For adequate performance,
the hadron calorimeter response must
be uniform and stable with time at the
level of a few percent. Tile-to-tile vari-
ation of less than 10% is acceptable;
the measured tile-to-tile variation is found
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to be 6.4%. The assembly can be mon- ter will be established by exposing all
itored by radioactive source and by in- the modules to test beams. Each tower
jecting light from UV lamps. Absolute can be calibrated using QCD 2-jet events,
calibration and linearity of the calorime- By requiring that 1 jet be detected in
ter will be established by exposing sev- the VF and the other in another part
eral modules to a hadron test beam, of the calorimeter system, the inter-
The calibration can be transported to calibration between these calorimeter
the CMS detector using radioactive source^stems can be verified on the basis
and can be maintained at the level of of transverse energy balancing. The
1%. A light laser system will be used long-term response of each calorimeter
to monitor the stability of the photode- channel is monitored using minimum-
tectors and the associated electronics, bias events. Time variations of the PM
Minimum bias events can be utilised to gain are monitored with a laser test
maintain uniformity of response and to pulse system,
monitor its time stability. Z-jet trig-
gers can be used to provide calibration „, . .
and the absolute energy scale. ^ Conclusion

The design and the expected perfor-
4.3 The Very Forward C a l o r i ^ e ^ of t h e C M S d e t e c t o r h a v e b e e n

presented. Some parts have evoluted

The very forward calorimeter (VF) (fig- s i n c e t h e tech?ical P r ° p ° s a l J2J a n d s t i11

ure 7) improves the measurement of may evolute before the final design.

missing transverse energy and enables
very forward jets to be identified [10].
These jets are a distinguishing charac-
teristics of several important physics
process. The VF is required to have
moderate energy resolution, with a con-
stant term less than 10% for single hadrons,
and sufficiently fine granularity to tag
forward jets. The VF is required to
have a very fast response time and to
be particularly radiation hard. The de-
tector consists of copper absorber filled
with 200 pirn plastic-clad quartz fibres.
The fibres are parallel to the beam and
are sandwiched between layers of ab-
sorber to form wedge shaped modules.
In the first 2 segments, the fibres are
grouped to form a tower structure. The
granularity matches the segmentation
of the hadronic calorimeter. Air light
pipes guide the cherenkov light to an
array of photomultiplier tubes.

Absolute calibration of the calorime-
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Figure 6: The tower structure of
HCAL for the barrel
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Figure 7: One half of the quartz fibre
VF showing the wedge structure
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