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This report describes work carried out in 1995 on experiments approved by the Particle Physics
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experiment.
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FRONT COVER
One of the highest energy e+e- collisions ever, recorded by DELPHI at LEP in
November 1995

The event is the associated production of a photon and a Zo, followed by the decay of the Z0
into two jets and the detection of the photon in the top left, a process which will be quite
common at LEP 2. Measurement of the photon momentum allows the identification of the ZO,
even when the Zo decays to unobservable particles. Thus the rate of such decays can be
measured.
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For particles to have electric dipole moments (EDMs), the forces concerned in
their structure must be asymmetric with regard to space-parity (P) and time reversal
(T). P-violation is a well-known intrinsic feature o f the weak interaction, but CP-(and
hence T-) violation, which is believed to be responsible for the baryon asymmetry o f
the universe, has thus far been found only in the neutral kaon system. Such limited
information leaves open a wide range o f possibilities for competing theories attempting
to explain the origin o f T-violation. Experimental measurements of particle EDMs,
and in particular that o f the neutron, are providing some o f the strongest additional
constraints on these theories. The Standard Model o f the electroweak interaction
eives a contribution to the neutron EDM o f the order of 10-3’ to 10-33e cm which,
because it is second order in the weak interaction coupling constant, is very small.
However, extensions to the Standard Model, such as additional Higgs fields, righthanded currents or supersymmetric partners, invariably give rise to dipole
contributions which are o f first order. These are necessarily much larger, and are
typically o f order 10-25to 10m2’e cm. Large dipole moments might also come from
CP-violation in the QCD sector o f the strong interaction.
U

This experiment uses the Ramsey resonance technique to measure with very high
precision the precession frequency o f ultracold neutrons in a small magnetic field. The
precession frequency will change in the presence o f an electric field if the neutron has
an EDM. The most recent result from our collaboration, published in 1990, was d, = (3k2f4)x 10-26e cm; that o f LNPI in Russia was d, = +(3&45) x 10-26e cm. During
the last five years, the ILL reactor in Grenoble has been rebuilt and refurbished, and (as
of Spring 1995) it is once again providing neutrons. Our collaboration is now the only
group in the world able to improve upon this critical measurement.

As has been reported in previous years, we took the opportunity presented by the
reactor shutdown to make significant changes to the hardware. During this past year,
many o f these changes have been completed, and we are now once again on the verge
of taking data. The following paragraphs summarise the highlights o f the progress
made during 1995.
A new, large storage cell, machined in Russia from a single fused quartz boule, has
been installed. This provides a sidewall suitable for containing both the neutrons and
the polarised mercury atoms from our magnetometer, whilst acting as an excellent
insulator for the applied high voltage. Using this bottle, we have demonstrated what
we believe to be the first ever co-storage o f hot polarised atoms with ultracold
polarised neutrons. We have achieved excellent spin relaxation times of 170 s for the
neutrons, and over 200 s for the mercury, which will allow us to measure the
precession frequencies with unprecedented precision.
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A new set of HV electrodes, designed and built at RAL, has also been installed.
Their improved design, together with that of our new HV feedthrough, will allow us to
applyvery high voltages (perhaps up to 250 kV) without breakdown. We have
successfilly developed a technique for coating the electrodes with teflon; this has a
considerably higher Fermi potential than aluminium, and is thus better able to contain
the neutrons. The installation of NiMo-coated guide tubes has likewise improved the
transmission efficiency of neutrons entering the storage cell.

Our new PC-based data acquisition (DAQ) system, written using the LabView
software package, has been considerably upgraded. It is now possible to see online an
enormous number of parameters that previously had to be extracted slowly offline, and
correlations between different quantities that might be indicative of systematic errors
should be significantly easier to uncover. The DAQ software also includes a data
simulation facility, in order to test any data analysis procedures for hidden biases. A
new central data storage facility at RAL will allow easy access to the data by our
collaborators around the world.
Perhaps our most important milestone has been the convincing demonstration that
the resonant frequencies o f neutrons and mercury follow one another as the magnetic
field drifts. Prior to this, it was necessary to measure the neutron frequency by fitting
the neutron counts (as a hnction of applied rf frequency) over several cycles, and
trying to compensate for the average change in field as seen by the (relatively crude)
external magnetometers. Our new philosophy is to use the measured precession
frequency of the mercury atoms to calculate the expected (i.e., zero EDM) resonant
frequency of the neutrons on a cycle-by-cycle basis, and then to fit the neutron counts
to a “mobile” Ramsey lineshape which moves in the appropriate way as the magnetic
field drifts. The net effect is to fit the ratio of the two precession frequencies; it is this
ratio which will be directly sensitive to the neutron EDM. The cycle-by-cycle
fluchations in field, clearly visible in the magnetometer data, are thus eliminated. This
is demonstrated in the graphs below.
Overall, 1995 has been an extremely successhl year, seeing the final installation of
several major component upgrades to this experiment. Following a few more tests of
the new high voltage system, we expect to begin preliminary data taking late in 1995
or early in 1996. We believe that we have now reduced the systematic errors to the
point that they will contribute only about 2 x 10-27e cm to the uncertainty of the
measurement of the neutron EDM, and that several years’ running will be needed
before the statistical uncertainty can be reduced to a comparable level. We are now
investigating various possibilities to try to improve our counting statistics, such as
diamond-coating the inside of the storage cell (to increase its Fermi potential), and the
installation of more 58 NMo-coated guide tubes to transport the neutrons to our
experiment.
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Neutron Frequency

Mercury Frequency
Frc

Normalised Frequency Ratio

Figure 1. Graphs showing how the precession frequencies of neutrons and mercury
change as the magnetic field drifts. Each point represents a counting time (cycle) of
approximately 3 minutes. The point-to-point fluctuations seen in the mercury
frequency are somewhat reduced in the case of the neutron frequency measurements
by a 4-cycle integration period. The ratio of frequencies (normalised to the ratio of
gyromagnetic ratios) stays constant to within a few parts in 107,corresponding to field
shifts at the nanogauss level.
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The Soudan 2 Experiment is designed t o concentrate on the search for failures of the conventional picture as described by the Standard Model of Particle Physics. There are a number of
questions about unusual processes on which, it h a s been speculated, this model might well fail or
require major extension.
Searching for rare signals at the level of one or two per year requires that background signals
are minimised and that the ”fiducial volume” of the detector is surrounded with an efficient shield
t o sense when signals are due t o radiation entering from outside. The apparatus consists of a
960-ton iron calorimeter 2700 feet deep at the lowest level in the Soudan iron mine, northern
Minnesota. One third of the 4.3 ton modules of which it is composed was made i n the UI< by the
Oxford and DRAL groups. The designing and planning of the experiment started in 1981; the first
modules started taking data in 1988; the full detector was completed in November 1993. Since
then data taking h a s continued 70-80% of the time. The small ”down time” h a s allowed a major
refurbishment programme in which many of the earlier modules were rebuilt or repaired t o raise
their performance t o the same specification as the final ones. This rebuild, funded in part by UI<
contributions through DRAL, was completed in 1995. The main detector is surrounded on all sides
by a shield t o detect incoming particles and radiation. A UK-funded addition to t h i s was made in
199.5 by the Oxford group; an extra double plane of chambers covering the top of the detector h a s
been constructed using redundant detectors from the TASSO experiment. The final section of this
will be completed in 1996.
Leaving aside the constant low-level background from natural radioactivity, which is easily
recognised and dismissed, there are three possible sources of signals in the main detector:
1. the passage of downward going muons from cosmic rays together with any secondary radiation
caused by them;

2. the interaction of neutrinos coming from the decay of T , K and p produced i n the atmosphere
by cosmic rays;

3. the decay of protons and neutrons with violation of baryon number conservation.
Each of these is sensitive to departures from the Standard Model; the counting rates per year are
several million, about a hundred and zero respectively. For this reason each needs t o be understood
before meaningful conclusions on the lower rate processes can be drawn.
The study of cosmic ray muons h a s included:
0

a survey of their directions mapped onto the celestial sphere to search for ”hotspots” or point
sources, reflecting on the origin, propagation and interaction of cosmic rays;

0

a study of muon showers deep underground i n coincidence with scintillator and surface arrays,
reflecting on the question of the composition of cosmic rays at very high energy;

0

a search for highly ionising magnetic monopoles;
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0

a study of energetic horizontal muons and their possible sources including neutrinos from
Active Galactic Nuclei.

The most exciting results from Soudan 2 concern the neutrino interaction data. These are data
where there is no evidence of an incoming particle in the outer 50cm of the detector and no signal
in the envelopping shield either. Much work is being done t o show that this successfully excludes
all events induced by cosmic muons. The remaining "contained events" (CEV) are examined and
classified as muon-like, shower-like or multiprong, according as they have a single characteristically
long muon track, a shower structure, or a number of tracks and showers. The success of this
classification is now monitored with a stream of Monte Carlo generated events which are combined
into the data stream at the mine. Both the large water cherenkov experiments, Kamioka and IMB,
have reported significant anomalies in the ratio of muon-like to shower-like events. In principle the
ratio is well understood, derived largely from the raw 2:l mix of muon and electron neutrinos that
result from lepton conservation in the decay of charged pions. These experiments quote their result
as the ratio,
(muon/electron)data
R=
(muon/electron)Mc '
As the first four symbols on figure 1 show their ratio R is quite incompatible with unity. Despite
having quite different systematic errors from these experiments the current (preliminary) Soudan
2 result,
R = 0.63 f 0.15
is some two standard deviations from unity and compatible with them. The statistical error given
is still larger t h a n systematic uncertainties and more data is needed; the collaboration expects to
run until a sensitivity of 5,000 ton-years is reached. In the meantime we are developping other
methods of analysis which use computed event shape and which do not make use of event-by-event
judgement by a physicist.
Since it appears unlikely that the effect is the result of a systematic error, the possibility of neutrino flavour oscillations has to be seriously considered. This implies that at least one neutrino h a s
mass and that the mass eigenstates are not eigenstates of flavour. While the atmospheric neutrino
experiment in Soudan 2 may establish the effect, it can do no more then place bounds on the several
parameters required to describe the general three-flavour mixing of the mass eigenstates. (Of course
the now well-established solar neutrino deficit, if due to neutrino oscillations, also describes part of
this matrix.) During 199.5 the UI< Soudan groups joined by the University of Sussex submitted a
far-reaching proposal to Fermilab to carry o.ut an a.ccelerator neutrino oscillation experiment with
a beam from Fermilab to Soudan, MINOS. The neutrino oscillation phase is dependant on L/E and
such a beam with L of 700km and E around 10 GeV covers the same range of L/E as the atmospheric experiment. However such an experiment is superior to the atmospheric one in three ways:
the beam can be controlled and h a s a single initial flavour; a 'near station' experiment at Fermilab
will study the unoscillated beam; the energy E is above threshold for vT charged current events,
permitting the detection of neutrinos of all three flavours. This experiment has now been strongly
endorsed by a special HEPAP panel and h a s been approved as part of the Fermilab program. In
the UI< the proposal has been presented to the PPESP which has approved the initial allocation
of some R & D resources.
As the questions surrounding the understanding of neutrino induced events have clarified, the
collaboration h a s turned its attention back to the search for Nucleon Decay - which was the original
motivation for the Soudan 2 Experiment. While the water cherenkov experiments have reported no
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signal in simple channels, there are many channels for which some or all of the decay products would
be below cherenkov threshold including p + K + v . With an analysed data sample of 1.7 x 103 tonyears there are a small number of events that can be interpreted as due to nucleon decay. A group
within the collaboration is studying the possible interpretations of these events and conclusions
about nucleon decay that can be drawn from them.
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Proposal 244

KARMEN: Neutrino Spectroscopv at lSlS
Forschungszentrum Karlsruhe, University of Karlsruhe
University of Erlangen, University of Bonn
Queen Mary and Westfield College
University of Oxford
Rutherford Appleton Laboratory
The KARMEN experiment was commissioned for long term data taking in summer
1990. Since then 2000 neutrino interactions have been recorded and analysed. Half
way through this data acquisition period the energy dependence of the
l2C(ve , e-)12Ngas. cross section and the first observation of the neutral current
process 12C(v, v')12C* (1+1) induced by Ve and Vp have been published. Recently
statistics for the neutral current reaction l2C(vP , vi)12C* reached a level sufficient
to deduce a reliable cross section and to determine the isovector-axialvector coupling
of neutral currents directly from a set of data acquired in the same experiment for
three neutrino flavours. In addition the first reliable cross section of neutrino induced
transitions to excited nuclear levels in the reaction

'*C(ve , e-)12N* has been

determined. These cross sections are of interest for astrophysics in connection with
the origin of light elements in the universe.
For all cross section measurements on 12C in the KARMEN experiment the
systematics errors due to the flux normalization are now larger than the statistical
errors. The cross sections measurements for ve-absorption on 3C and 56Fe are still
dominated by their statistical errors and require continuing data taking to achieve
equivalent precision.
The main emphasis of future measurements with the KARMEN detector will be
focused on the search for neutrino oscillations and the investigation of the anomaly
observed in the time distribution relative to beam-on-target of isolated neutral events.
Observation of neutrino oscillations would contradict the Standard Model of the
electro-weak interactions and imply at least one of the neutrino types involved to be
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a massive particle. Verification of the highly speculative interpretation of the anomaly
in the time distribution of the isolated neutral events as a evidence for the existence
of a massive weakly interacting particle emerging from the spallation source would be
a major breakthrough in the search for this type of particles.
The search for neutrino oscillations between electron type and muon type
neutrinos has received a considerable boost of interest after the LSND claim of
positive evidence for the Vp

+ Ve appearance oscillation. Since 1990 KARMEN has

been investigating the very same oscillation channel with high precision and has
found no evidence for oscillations. The current result of the KARMEN experiment
excludes already a significant part of the parameter space allowed for oscillations in
the LSND experiment.
Evidence for Vp

+Ve appearance oscillation in the KARMEN detector is a delayed

coincidence of an energetic positron from the inverse P-decay on free protons of the
liquid scintillator with capture gamma rays from absorption of the thermalized neutron
from this process in gadolinium or by hydrogen. Although this delayed coincidence
signature is very stringent , there is a significant background from cosmic rays. Even
after exploiting the unique time structure of lSlS application of shape analysis to the
oscillation signal and background energy distributions and very sophisticated stopped
muon tracking this background is irreducible.
The current level of background induced by cosmic rays limits the sensitivity of the
KARMEN experiment in the oscillation parameter space. Significantly increased
neutron detection efficiency from 20% to 53% and major changes in the trigger
system during 1995 would allow KARMEN to probe further into the parameter space
of the LSND claim after another three years of data taking, but the area of highest
sensitivity of the LSND experiment would remain unchecked.
The nature of the limiting background has been clearly identified as high energy
neutrons generated by cosmic muons in spallation processes in the iron of the
shielding blockhouse surrounding the detector. These neutrons can easily penetrate
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the iron shielding inside the first layer of the veto system without leaving a trace in the
veto and create a signature in the central detector which could be mistaken for an
oscillation event.
This background could be greatly reduced if most of the muons entering the
shielding blockhouse could be identified doing so. An additional veto system very
similar to the existing system that surrounds the inner passive iron shield of the
detector but buried inside the massive walls and the roof of the shielding blockhouse
can achieve just this. Extensive Monte Carlo simulations and special measurements
during the last months have revealed that such an additional veto will reduce the high
energy neutron background to 2.5% of its current level. The parameter space then
accessible after three years of data taking includes the area of the LSND claim and
would set new limits on neutrino oscillations if no positive evidence is found. The
current most stringent limits (BNL E776) on Vp

-+ Ve oscillations are shown in figure 1

together with the region of parameter space allowed by the LSND result, the present
limits of the KARMEN experiment and estimated limits for KARMEN after another
three years of data taking with and without the veto upgrade.
The significant background reduction by this new veto system will also greatly
benefit further investigation of the anomaly in the time distribution of the isolated
neutral events. The observed anomaly is still present despite the changes in the
KARMEN detector during the last year. The Kolmogorov-Smirnov test on the data
agree with the previous x2 tests underlining the presence of a signal with a Gaussian
distribution at around 3.6 ps after beam on target. Increased neutrino statistics will of
course strengthen the si~nificanceof this finding but, as statistics can only be
doubled in the next three years, a background reduction for neutral events to 2.5% of
its present level around beam-on-target time is more effective. The new veto will also
reduce the background due to bremsstrahlung from decay positrons of muons
stopping undetected in the inner passive iron shield since the overall detection
efficiency for muons entering the volume surrounded by the existing veto increases.
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The signal to background ratio for the anomaly time region will improve by a factor of 2.
The reduction of bremsstrahlung background also eliminates the major
background component for the measurement of ve-absorption on 13C and 56Fe and
will enable the KARMEN experiment to determine for the first time the cross section

of these reactions with high precision

The proposal for the veto upgrade of the KARMEN detector has been accepted
and funding is secured. The upgrade is scheduled to start in January 1996. Data
acquisition is scheduled to be resumed in late Autumn 1996. First results for a
stringent test of the LSND claim are expected during 1998.
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Publications since October 1994
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Anomaly in the time distribution of neutrinos from a pulsed beam stop source
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A SEARCH FOR GLUEBALLS IN THE CENTRAL REGION

WA 76 1
WA 9 1

Proposal 246

Athens : Bari : Birmingham : CERN : Dubna : Paris.
Experiment WA76 and its successor WA91 have been designecl to study exclusive final
states foriliecl in the reaction
PP
Pf (X”)PS
(1)
-+

where the subscripts f and s indicate the fastest and slowest particles in the laboratory
respectively, and Xo represents the central system. The central system is presumed to
lie produc,ecl by double exchange processes. At high centre-of-mass energies the contrilmtion of Double Ponieron Exchange (DPE) to such processes becomes increasiligly
large. The Pomeron is believed to have a large gluonic content, and as a result-it is
thought that Pomeron Ponieron scattering coulcl be a good source of gluonic states,
glueballs ancl hybrids.
The WA76 experiment was run in two stages. Data taken with 7r+ and y incident beams
at 55 GeV/c allowed good separation of many exclusive channels [ 11. Several resonances
. .
as gluoniuni caiidiclates were seen with good signal to background ratios
suggested
whereas well-known q? states were seen less prominently than in peripheral production.
A second period of data taking using a 300 GeV/c y beam yielded 12 million triggers.
The layout of the apparatus is shown in fig. 1. In addition to the Oniega MWPC
ancl clrift clianiliers, two tliresliold Cerenkov counters were used for charged particle
identification, and a fine grain electromagnetic calorimeter was used for neutral particles.
The fast track measurement system [2], shown in fig. 2, is of particular interest. In orcler
to achieve good nioiiientum resolution, which is essential for the separation of exclusive
channels, a system of microstrip detectors was used to iiieasure the beam particle and
the fast track. The reconstructed beam niomentum clistribution froin the WA76 data
is shown in fig. 3, and corresponds to a precision Sp/y = 3 x ~ o - ~(Subsequently
y
6p/y = 1 x io-5y was achieved using a similar layout and finer pitch microstrips in

WA91.)

The WA91 experiment aims to investigate central production at 450 GeV/c with a
significant increase in statistics over WA76 [3]. The first phase of the experiment,
performed in 1992, used the refurbished OLGA calorimeter brought close to tlie Omega
niagiiet to improve acceptance for neutral particles. Slow protons were detected in
WA76 on the left side of the target only, while the WA91 setup, shown in fig. 4 , also
allows for slow proton detection on the right. The right hand slow proton setup uses
a new hodoscope (SPCR) .built by the Birmingham group. The 1992 exposure yielded
67 million triggers. The second phase of the experiment was completed on June Stli
1994 and 42 niillion triggers were taken. The threshold Cerenkov counters C1 and C2
were used for charged particle identification ancl tlie same arrangement of fast and slow
particle detectors was employed as for the first phase of the experiment. The GAMS
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electroinagiietic calorimeter and OLGA were also used, placed behiiid the Cerenkov
counters, to study their use for a future phase of the experiment (WA102).
Tlie analysis of the WA76 data is now essentially complete, while results froin the
WA91 data are still coining. The principal results froin the experiineiit programme are
summarized below.

A detailed study of the 7r+7r- mass spectrum has been performed for the 300 GeV/c data
[4]. The spectrum is shown in fig. 5, and shows clear evicleiice for s*/f0(975) production.
A good description of the 7r+7r- niass spectrum was obtained using a coupled channel
(FlattC) formalism, aiid allowing the s*/f0(975) to interfere coherently with the S-wave
background. The s*/f0(975) parameters were determined to be rno = 979 f 4 MeV,
ga = 0.28f0.4, Q K = 0.56f0.18, giving a pole position on sheet I1 at (1001&2)-i(36f4)
MeV.
The principal interest in the Kri' spectrum lies in the observation of the e/f2(1720) [5],
the first such observation in haclroproductioii. The K + K - spectrum is shown in fig. 6,
where a peak corresponding to the e/f2(1720) is clearly seen. As a signal is also seen in
the X ~ mass
K ~
spectrum, it is coiiclucled that the spin of the object is either O++ or
2++. The decay angular distributions for the f ' ( 1525) aiid the elf;!(1720) are found to
be qualitatively similar, suggesting that the e l f 2 (1720) and the f ' ( 1525) have the same
spin.
The KT7r inass spectrum in the 1.4 GeV mass region has been of long staiidiiig interest
in this experiment [1,6,7]. The K : K * 7 r F inass spectrum is shown in fig. 7, and shows
very prominent signals for the D/fo( 1285) and Elf1 (1420) inesoiis. While the status of
the D/fo(1285) is not controversial, that of the Elf1 (1420) has aroused much interest
in recent, years. It now appears that there are three states in this mass region. Tlie one
seen hy WA76 has been found to have A4 = 1 4 2 9 f 3 MeV and I' = 5 8 f 8 MeV. A Dalitz
plot analysis has shown its JPG to be 1++,decaying to
[5]. More recently [7], its
observation in our KgKg7ro data has fixed its C-parity to be +, froin which we deduce its
isospiii to he zero. We have searched for the Elf1 (1420) in our ~ + ~ - 7 r + 7 r - [8], 7p~+n[9] and poy [ l O ] channels. Although the Dlfo(l285) is clearly seen in all chaiiiiels, as
can be seen froin fig. 8, there is 110 evidence for production of the Elf1 (1420) in any of
the111 [ 111.

K*z

Results on the vector-vector final states centrally produced at 300 GeV/c have been
reportecl in [12] and [13], iiivolviiig the associatecl production of w p , w w , wq5,
spectrum has been analysed at both 300 GeV/c and 450 GeV/c
[14]. The 7r+7r-r+7r- inass spectrum is shown in fig. 9 for the 450 GeV/c data
with superimposed fit [E].
The values of the parameters obtained are shown in table
1. 111addition to the Dlfo(1285) two further resoiiaiices are seen, the X(1450) and
the X(1900), with masses aiid widths A4 = 1446 f 5 MeV,
= 56 f 12 MeV, and
M = 1926 f 12 MeV, I? = 370 f 70 MeV respectively. These resoiiaiices were first
seen in the WA76 300 GeV/c data, but were not seen at 85 GeV/c[8]. The energy
dependence and t dependence of the X(1450) show that it is not a decay channel of
the Elfi(1420) seen in the K
x7r spectrum. A new spin analysis of the X(1450) [15,16]
finds its spin parity to be J P c = O++,'decayiiig to P(nr)Pwave. The X(1900) i s found
to be a Jp" = 2++ object decaying to a27r and f 2 ( 1 2 7 0 ) ( ~ ~ ) ~ , a v eAs
. the X(1900) is

The

7r+~-7r+7r-

r
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a broacl object and the peaks in the

and f 2 ( 1 2 7 0 ) ( 7 r 7 r ) ~ ~
channels
~ ~ ~ are slightly
displaced, it could be that there are two resonances present. The analysis method used
was not available when tlie original WA76 study was performed, but a re-analysis of
these data shows that the two data samples yield the same Jpc assignments for these
two resonances.
u27r

A further study of the combined WA76 and WA91 data [17] in T+T-T+T- and T+Tchannels discusses possible interpretations of tlie allove- mentioned final states in the
channnel there are two new
light of tlie Crystal Barrel results [18]. In our 7r+7rT-7r+7rstates, fo(1450) aiid f2(1900) . There is another new state in the 7rr+7r- channel with
M = 1497 f 30 MeV and I’ = 199 f 30 MeV which is compatible with the fo(1520)
observed in the Crystal Barrel experiment. We propose [17] an interpretation where the
1450 and 1497 MeV structures are explained as being due to an interference between
fo(1365) and fo(1520) states olxerved by tlie Crystal Barrel experiment at CERN.
A natural continuation aiid extension of tlie WA91 experiineiit is the experiment WA102,
conibining tlie excellent charged particle reconstruction of tlie Omega Spectroineter with
tlie multiphoton detection facility of tlie GAMS-4000 Calorimeter. For details see this
volume, Proposal 291.
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7. CJ Dodenhoff, A study of tlie centrally produced ~p~+7r-and
450 GeV/c.
University of Birmingham, .Nov.1994 (RAL-TH-95-007).
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1926 f 12

1

r3ifs
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I
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3 7 0 f 70
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Table 1. Parameters of resonances in the fit to the x+x'n+sr'
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A n exposure of the 15-foot bubble chamber filled with a Ne/H2
mixture to a auad-tridet beam from the
TEVATRON running at 800 GeV/c.

F N A L E632

Proposal 254

Berkeley - Birmingham - Brussels - CERN - Chandigarh - FNALHawaii - IHEP(Serpukhov) - Illinois - Imperial College London - ITEP (Moscow) Jaminu - MPI Munich - Moscow State University - Oxford RAL - Rutgers - Saclay - Tufts
For the inajority of the original groups of the experiment, data-processing finished during
1992. However, IHEP(Serpukhov), ITEP(Moscow) and Moscow State University are in the
process of measuring a large unbiassed sample. A considerable increase in statistics has
already been obtained, which should provide sufficient data at the highest-ever neutrino
energy for many comparisons to be made with experiments at lower neutrino energies fragmentation studies, energy dependences in strange particle production, neutral currents,
etc.

Several new analyses are under way and the results should be published in the near future.
E632 (and BEBC) Publications since 1 October 1994
1 . Neutral strange particle production in neutrino and antineutrino charged-current interactions on neon.
Physical Review D5O (1994) 6691-6703

2. Spin aligiiinent and parity violation effects i n po production in neutrino and antineutriiio charged-c.urrent interactions.
Zeitschrift fur Physik C66 (1995) 583-590
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SLD Collaboration at the SLC
Proposal 263
Bologna, Boston, Brunel, Caltech, Cincinnati, Colarado State, Columbia,
Ferrara, Frascati, Illinois, Massachusetts, MIT, Nagoya, Northeastern,
Northridge, Oregon, Padova, Perugia, Pisa, Rutgers, RAL, Santa Barbara,
Santa Cruz, SLAC, Tenessee, Tohoku, Vanderbilt, Washington, Wisconsin,
Yale.
Abstract

The SLD status reported here is based upon 100,000 2' decays (with an
average beam polarization of (77.3 f0.6)%) collected in 1994 and 1995, in
addition to 1993 data sample (50,000 2" with polarisation of (63.0fl.l)%).
The availability of the SLC polarised electron beam and the excellent
3D resolution of the SLD pixel vertex detector are exploited by these
analyses, and permit the collaboration to achieve a degree of precision
competitive with and complementary to that of the LEP experiments for
many electroweak and heavy flavor analyses.
The SLD detector continues to run smoothly with minimal maintainance, while
the SLC again achieved its goal integrated luminosity for the run. The data from
the 94/95 run has initiated many new analyses, however this report is necessarily selective, and concentrates on the recent advances in topological vertexing,
the consolidation of established polarised asymmetry measurements and their
extension to the tau lepton to probe the weak charged current.

A small contingent of UK physicists continue to make a leading contribution
to the experiment in being responsible for the CCD vertex detector, developing
topological vertexing, leading the Rb analysis group, developing polarised tau
analyses and taking a major role in the design and build of the upgrade vertex
detector - VXDS.
The collaboration anticipates running to collect an additional 500,000 2
' decays
over the next 2 years. This running will be with VXD3, which, at the time of
writing, is being prepared for final installation in SLD.

The SLD Measurement of ALR
The left-right asymmetry in 2
' production continues to provide excellent precision with the new data sample thanks to a significant reduction in the systematic

- 26 -

error on the electron beam polarisation. Including all the SLD data from 199295 (approximately 150K Zo decays), SLD measures AtR = 0.1551 f 0.0040.
This corresponds to a determination of the weak mixing angle of sin20$ =
0.23049'f 0.00050. The determination of the beam polarization remains the only
significant systematic error. The polarisation is measured precisely with a Compton polarimeter, which for the 1994-95 SLD run measured P.= (77.34 f0.61)%.
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Figure 1: Weak Mixing Angle Measurements
The weak mixing angle results from the SLD, ALEPH, DELPHI, L3 and OPAL
experiments (based on approximately 3.5 million Zo decays per LEP experiment) are shown in Figures 1 and 2 [l]. Figure 1 gives the 'results by individual
experiment for each of seven techniques. Figure 2 summarizes the results by
collaboration.
If we assume that the MSM provides a complete description of the quark and
lepton couplings to the Zo boson, then all these results can be combined to give
sin2O
F = 0.23143 f 0.00028

. If this assumption is relaxed to apply to lepton couplings only, we find
sin2O$ = 0.23106 f 0.00035
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Figure 2: Weak Mixing Angle Results by Collaboration

This result is consistent with the MSM and with other precision electroweak
measurements.
The LEP experiments have now completed their datataking at the Zo resonance
with a total of about 4.5 million Zo decays per experiment, while the SLD experiment plans to run through 1998 and accumulate an additional 500 thousand
2's above the 150K 2's available for the current measurement. This data will
provide an exceptionally precise determination of the weak mixing angle.

Charm and Beauty with a Polarized Electron Beam
Tests of the Standard Model through the measurements of 2
' to fermion couplings at SLD benefit from an enhanced sensitivity due to the longitudinally
polarized electron beams. The parity violating parameters Ab and A, of the Zbb
and Zcc couplings are, uniquely at SLD, measured directly from the polarised
left-right forward-backward asymmetries.
The A, measurement using reconstructed D*+,D+ [2] has been updated to include all 1993-1995 data. The preliminary result obtained is:

A, = 0.64 f 0.11 (stat) f 0.06 (syst).
The dominant systematics related to the RCBG are largely statistical in nature,
so they are expected to be reduced with a larger data sample. The Ab,A, measurements using leptons [3] has also been updated yielding preliminary results:

Ab = 0.87 f . 0 . 0 7 (stat) f 0.08 (syst)
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A , = 0.44 f0.11 (stat) f 0.13 (syst).
The statistical correlation between the Ab and A , results is 18%. Among the
presently significant systematics, jet axis simulation and MC weighting systematics are expected to reduce with improved analysis in the future.
The Ab measurement using momentum-weighted track charge has been improved
[4],[5]
from the analysis on the 1993 data. This preliminary measurement using
all 1993-1995 data, adopts a self-calibrated technique to measure the analyzing
power (AP) from the data, resulting in a much reduced MC dependency.
The tagged-event raw signed thrust axis cos0 distributions from left-handed and
right-handed electron beams are shown in Fig. 3 for the 1994-1995 data. This
plot nicely shows the dual nature of the asymmetry with clearly visible forwardbackward and left-right asymmetries. A maximum liklihood fit is used to extract
Ab, taking into account IQ[-dependent AP and event flavor composition as a
function of btag track multiplicity. The preliminary result, including all 19931995 data, is:
Ab = 0.843 f 0.046 (stat) f 0.051 (syst).
The calibration statistical error and b-tag composition systematic will improve
with more data in the future and adjustments in the b-tag procedure.
5
1

Right

B

x:sm
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I
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Figure 3: Distributions of raw signed thrust axis cos0 for 1994-1995 data.
The SLD Cerenkov Ring-Imaging Detector (CRID), precision vertexing and polarisation are exploited in a new Ab measurement. Exploration of the abundant
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B + D + I(- decay signal for B/B separation has been widely promoted as a
new technique for a variety of B physics measurements. In SLD, charged kaons
with a momentum of 3-20 GeV are identified using the CRID gas-radiator data.
This new preliminary measurement [6] is the first application of this technique
for a b-asymmetry measurement.
The preliminary result from the 1994-1995 data is:
Ab = 0.91 f 0.09 (stat) f 0.09 (syst).
Most of the detector and physics systematics associated with the uncertainty
of b-event analyzing power can be removed with a calibration from the double
hemisphere charge comparison, trading for a calibration statistical error when
more data are included in the future.

The combined Ab, A, results
These preliminary SLD measurements may be combined with a simultaneous
fit to Ab and A,, taking into account the systematic correlations between measurements; The assumed values and uncertainties of other related parameters
are listed, together with the combined results in Table 1. These results can
be compared with the average LEP measurements of Ab = 0.884 f 0.032 and
A , = 0.642 f 0.053, as well as with the SM prediction of Ab = 0.935 and
A , = 0.666. The LEP averages are derived from the AbB and AbB results [7],
assuming A , = 0.1506f0.0028 from a combination of the SLD ALRand the LEP
A[ results.
The complementarity of the SLD direct Ab measurements is nicely illustrated
in the scheme of a full Zbb coupling analysis proposed by Takeuchi et al. [SI.
The deviations from the SM can be generally represented as a cross section like
variable [b and a parity violation like variable ( b , in addition to 6sin’ tl$. The (b
versus 6 sin2Of$ plot for various current experimental results is shown in Fig. 4.
The SM point at (0,O)is defined by rnt=180 GeV, r n ~ = 3 0 0GeV, a,=0.117 and
cr,,=1/128.96.
The thin horizontal band around (0,O) corresponds to the SM
rnt, r n H variations indicated in the plot. The 6S% and 90% C.L. contours for the
best fit to all measurements are also shown.

Topological Vert exing
Topological vertexing (TV) is a new vertexing technique developed by a Rutherford physicist and is destined to become the standard vertexing package within
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0.218 f 0.002
0.171 f 0.014
Rc
10.80 f 0.78
Br(b e) (%)
9.3 f 1.6
Br(b + c -+ l (%)
0.130 f 0.010
B mixingx

Rb

-+

Table 1: Combined SLD

Ab,A, results and assumed parameter'values.

SLD. Preliminary results using this new method for the Rb and B lifetime ratio
have already benefited from the ultra pure tagging it provides. With the data
anticipated during the next 2 years of running, and the reduced systematics due
to TV, we expect the SLD measurement of Rb will be the most precise measurement made. This is of great interest given the current anomaly in the L E P
average value of Rb. With a Brunel physicist leading the analysis, the UK groups
are well placed to exploit this physics.
Topological vertexing makes maximum use of the true 3D spacepoint information
available from the SLD CCD vertex detector. The idea is to search for the vertices
in 3D co-ordinate space. Individual track probability functions, fi(r), (Gaussian
tubes in 3D space) are derived for each track i.
The vertex function, V(r),

is a smooth, continuous function defined to quantify the relative probability of
the candidate vertex at r, for which maxima may be found. The Gaussian track
functions are left unnormalised so that the vertex function, V( r), approximates
to track multiplicity counting. The relative probability of there being a vertex
at r is derived taking into account that 2 2 tracks must have f;(r) > 0 in this
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Figure 4: Zbb coupling parity violation versus sin2 8,eff
.
region.
An example of the 5 , y projection of Ci f i ( r ) and V(r) is shown in figure 5(a)
and 5(b) respectively. These plots are obtained by integrating the function over
the third dimension z within the limits of f 8 mm from the IP in the z direction.
The hemisphere of tracks chosen for this plot is taken from a Monte Carlo 2 + bz
event in which the jet momentum is directed from left to right in figure 5. While
the trajectories of individual tracks can be seen in figure 5(a), the regions where
vertices are probable can be seen from the distribution of V(r) in figure 5(b).
In this case the algorithm resolved the hemisphere into two vertices, i.e. the
primary vertex and a secondary. The peak in V(r) produced by the primary can
be seen in figure 5(b) at X = Y = 0, the secondary peak is displaced to the right
of the IP by -1.5 mm.
The 3D space is divided into ‘resolved’ regions which are associated with tracks
to form candidate vertices. A 3D spatial point is associated with all track pairs
which is the nearest local maximum in V(r) to the point of normalised closest
approach to both tracks. These spatial points are clustered into separate spatial
regions, and the final set of tracks associated with each spatial region are fit
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Figure 5: The track and vertex functions projected onto the z, y plane.
together to form the topological vertex structure. This structure is rich in information on the decay chain, which may be manipulated to design cuts specific to
particular analyses.

Preliminary Measurements of

Bo and B+ Lifetimes

SLD has two analyses for the lifetime ratio [ll]. The first identifies semileptonic
decays of B mesons with high (p,pt)leptons and reconstructs the B vertex decay
length and charge by vertexing the lepton with resultant from a reconstructed
D vertex.
From the initial sample of 150K 2' decays this analysis isolates 977 semileptonic
B decays, 428 are reconstructed as Bodecays and 549 as B+ decays. Monte Carlo
studies indicate that the neutral (Q = 0) sample is 98.7% pure in B hadrons.
Similarly, the charged (Q = kl)sample is 95.3% pure in B hadrons .
The lifetime is extracted from the decay length distribution of the selected secondary vertices using a binned maximum likelihood technique. The distributions
for the neutral and charged samples, are fitted simultaneously to determine two
parameters: the lifetime ratio TB+ / T B O and either the B+ or the Bolifetime. The
maximum likelihood fit yields lifetimes of
(WJ)

= 1.6O?g:;,"(stat) f O.lO(syst)ps
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(2)

The second analysis isolates a sample of B meson decays with a loose 2-D impact
parameter tag and reconstructs the decay length and charge of the B using a
topological vert ex reconstruct ion.
This method yields a sample of 8685 reconstructed B events with 3382 reconstructing as Bo decays and 5303 reconstructing as B+ decays. Monte Carlo
studies indicate that the resulting Bo sample is 99.3% pure in B hadrons, similarly, the Bt sample is 99.0% pure in B hadrons.
The resulting decay lengths for the Bo and B+ samples are shown in figure 6.
The lifetime fit yields values of
(TBO)

= 1.55 f 0.07(stat)

f 0.12(syst)ps

(5)

(rBt)

= 1.67 f O.O6(stat) f O.OS(syst)ps

(6)

The systematic errors for the two analyses are currently dominated by uncertaintities in the binned maximum likelihood fit procedure and are expected to
decrease significantly. The lifetimes are in good agreement with the current world
averages.

The R,j Measurement
The preliminary SLD Rb measurement [9] uses a lifetime double-tag technique
similar to the method used by ALEPH (101. This method allows a simultaneous
measurement of Rb and the hemisphere b-tag efficiency Eb to reduce systematics
associated with Monte Carlo (MC) modelling of Eb. The unambiguous 3D hits
from the SLD CCD pixel vertex detector enable a cleaner track reconstruction
such that the impact parameter distribution tails are well reproduced by the MC.
The choice of this cut is based on an optimization for a minimal total Rb error,
as can be seen from Fig. 7. The efficiencies of tagging uds and c hemispheres
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Figure 6: Decay lengths for the topological analysis
according to MC are O.OS7Yo and 2.3% respectively at this cut. The b-hemisph-r !
correlations also estimated from the MC are -0.2%. The measured q, from the
data is 31.3 f O.G(stat)%, consistent with the MC prediction of 30.6%. The
corresponding hemisphere b-tag purity is 94%.
Assuming a SM value of R, = 0.171 f 0.17, the obtained preliminary result is
Rb = 0.2171 f 0.0040 (Stat) f 0.0037 (SySt) f 0.0023 (R,).

Similar to many other Rb measurements, the b-tag purity of 94% can be improved
slightly by sacrificing efficiency, but it is still difficult to contain the systematics
to well below 1%. The development of an ultrahigh purity (-99%) b-tag using
topological vertexing has indicated a dramatic reduction in the systematic error,
' would exceed the current
and an SLD precision f i b measurement with 500K 2
precision of the LEP measurements.

Measurement of the r Charged Weak Couplings
The weak couplings of the tau may be studied by investigating the energy spectra of various tau decay products. These spectra are determined by the spin
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polarization of the taus and the nature of the decay [13]. At the Zo, taus are
produced with spin polarization due to the inherent parity violation of the Zo
couplings. At the SLC, this is enhanced due to the electron beam polarization,
the tau polarizations are much higher than at LEP, especially at high lcos 81 (see
Fig. 8). The polarization of the tau is largely determined by the beam polarization and the production angle, .and is relatively unaffected by the Zo parity
violation.
This new analysis [12] uses the 1993-1995 SLD data sample of 4552 .r-pair events
to measure the tau neutrino helicity, h,,, and the Michel parameters, and S
by analyzing the T decays T-m(K)v,,
T--teV,v, and r--tpV,p, in e+e- -+ Zo --t
T + T - . The h,, analysis is the responsibility of Brunel physicists, and is unique
in that it does not rely on spin correlations, and so is also sensitive to the sign
of the neutrino- helicity. Recent LEP measurements gain sensitivity to the sign
from an analysis of a1 decays, and consequently have large systematic errors due
to the model uncertainity in the a1 decay hadronic currents.

<

The decay spectrum may be parameterised in two parts, a constant part that is
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unaffected by the handedness of the tau, and a polarization dependent part that
changes sign depending on the handedness of the tau:

In the case of the pion (kaon), we can describe this with one parameter, h,,,
which characterizes the polarization dependent term. We get the following decay
spectrum for .r+n(K)v,:

f(4

= 1,

2x - 1 - rni/rn:
9 ( x ) = h,,
l-rn:/rn:

'

where rn: and rni are the masses of the T and the hadron respectively, and z is
the hadron energy scaled by the r energy ( x = a).
ET

In the case of the leptons, neglecting mass differences, we can describe the energy
spectrum with the three Michel parameters p, and S. Here the parameter p
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describes the non-polarization-dependentterm, and ( and S describe the polarization dependent terms. We get the following spectrum for ~ + l V e v , :

where

5

= a.
ET

These decay spectra are combined with the production cross sections to get
theoretical decay distributions:

which illustrates the importance of high tau polarization for measuring the polarization dependent terms.
In the SLD data, one can clearly see the differences in the decay particle energy
spectra due to different regions of z and P,. Fig. 9 shows the energy spectrum
of 7+7r(I<)v, decays'for both data and Monte Carlo, plotted separately for two
regions of (z,P,). The difference is expected to be less obvious in the three-body
decays r+tV[v,, but is still quite visible as shown in Fig. 10.
The tau neutrino helicity, h,, , and the Michel parameters [ and (6 are determined
using an unbinned maximum likelihood fit to the energy spectra of the decay
channels .r+n(I<)v, and T-&~v,. The fit function is the theoretical differential
cross section (Eq. 11) corrected for radiative and detector effects.
Fitting the .r+7r(I<)v7 sample yields h,, = -0.S9 f 0.2l(stat), which can be
interpreted as twice the helicity of the tau neutrino. The fit to the T + ~ V ~ V ,
channels gives ( = 1.17 f 0.35(stat) and (6 = 0.49 f 0.24(stat).
Including systematic errors the SLD preliminary values for h,, and the Michel
parameters ( and (6 are

h, = -0.89 f 0.2l(stat) f O.O7(syst),
( =

(6 =

.

1.17 f 0.35(stat) f 0.2l(syst),
0.49 f 0.24(stat) f O.lS(syst).
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i.

The results are consistent with the Standard Model V-A predictions of -1, 1,
These measurements provide an interesting cross check with other experimental
results [15], [16], [17] since this analysis does not rely on spin correlations and
is the first measurement to be performed with polarized beams. These first
results demonstrate the power of polarized beams for probing deviations from the
Standard Model in the weak couplings. Work is in progress at Brunel to extend
the helicity analysis to the p channel, with the prospect of a 3% measurement
with 500,000 2'.

1
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Introduction

The CPLEAR experiment investigates CP, T and CPT symmetries in the decay of
neutral kaons produced at LEAR. Unlike other experiments which use beams of KO,
and/or KO,
this experiment measures the difference between the decays of initially
pure K O and I? to a variety of final states JC+JC-, neu, n+x-n0and
JCOJCO.

The principle of the method is to compare the process of the initial KO decaying .into
a well defined eigenstate at a well defined eigentime t with that of I? into the "same"
state. Any difference is a sign of CP violation. This difference arises mainly through
the KO, - KO, interferenceterm. The relevant parameters are then extracted from time
dependent decay rate asymmetries of the form

The use of such asymmetries has the advantage that all acceptances which are
common to K O and I? cancel, thus considerably reducing the systematic uncertainties.
In addition, it is possible to make detailed comparisons between the different rates
to provide a better knowledge of the detector performance.
The present understanding of CP violation is not clear. It can be incorporated into
the Standard Model by introducing a complex phase into the CKM matrix which should
show up as an effect in the decay amplitudes. However, the recent discovery of the
top mass at a value of around 180 GeV means that direct CP violation will be very
difficult to determine. It is therefore essential to rule out other possible sources such
as CPT violation or anomalies in T violation.
The experiment has recently completed its data taking phase for 1995 and will use the
running period of 1996 to reduce the largest source of systematic error due to
regeneration effects (KO + I?).
Already from the analysed data, world class
measurements are available on the CP violation parameters, a first direct
determination of T violation and limits on a possible CPT violation in a region where
quantum gravity effects could modify conventional quantum field theory.
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The CPLEAR experiment
The CPLEAR experiment uses an intense 200 MeVlc antiproton beam (- 106ps)from
the Low Energy Antiproton Ring (LEAR) at CERN. The K O and k? mesons are
symmetrically produced in proton-antiproton annihilations at rest through the reactions
pp+ K-z+K0,
pp+ K+z-k’,

Br=2x103
Br=2x103

The strangeness of the neutral kaon is tagged by observing the sign of the charged
kaon. The symmetrical production of K O and k? together with a symmetrical detection
of their decay states has the advantage of minimising the systematic effects.
The detector, shown in figure 1, has a cylindrical geometry and is mounted inside a
solenoid of 3.6m length and l m radius, which produces a magnetic field of 0.44 T
parallel to the antiproton beam. The antiprotons are stopped and annihilate inside a
spherical target filled with gaseous hydrogen at 15 atmospheres pressure. The
charged particle tracking is performed with two multiwire Proportional Chambers, six
layers of Drift Chambers and two layers of Streamer Tubes. These streamer tubes
are the responsibility of the Liverpool Group and operated successfully at high rates
up to 50 KHdwire. They provide a fast ’Z’ coordinate using end-to-end timing to
determine the on-line momenta of charged tracks for triggering, when used in
conjunction with other tracking devices. The charged kaons and pions are identified
using the Particle Identification Detector (PID), consisting of ScintiIlator-CerenkovScintillator sandwich (SCS). The threshold for producing light in the Cerenkov
counter is 300 MeV/c for pions and 700 MeWc for kaons. Therefore K* mesons
produced in the annihilation process with momenta less than 700 MeV/c are required
to have a S& pattern in the PID. Finally, there is an 18-layer gas sampling
electromagnetic calorimeter (6.2 radiation lengths) with a high spatial resolution of the
order of 5mm.
Because of the small branching ratio of the desired channels, the experiment requires
a high annihilation rate. In order to provide an efficient online event selection and
background rejection, a sophisticated.multi-level trigger has been developed. The
maximum trigger decision time is around 34ps and the trigger rejection factor is about
1000. The data acquisition system writes about 450 events per second on tape at
a beam intensity of 1 MHz.
Following an extensive period of development, the spherical target was replaced by
a cigar shaped H, target operating at 30 atmospheres, surrounded by a small 4 cm
diameter proportional chamber consisting of 100 wires which was successfully tested
in September 1994. The new chamberltarget combination operated for the full 1995
running period. The chamber was installed in the on-line trigger, which improved the
quality of selected events, removed data at short lifetime (c1 zS) and reduced the
dead times of the overall trigger and DAQ. The number of xx events is shown in the
table below.
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CPLEAR data sets for 1993-95 running
Year

93
94
95

Average
beam rate
kpsec

580
540

750/950

Number of
antiprotons
xl 0l2

Number of
events on tape
xi 09

1.1
1 .o
1.6

2.0
1.6
4.1

x+Jc-(>l
t,)
final sample
xl o6

JI.'X0

finalsample
xl o6

0.5
0.6
1.5

12
9
30

Status of the Physics Analysis
The last 1995 data taking period has recently finished. All the 1994 data has been
produced and the first stage of production has been started for the 1995 data. All the
results presented here use data recorded between 1990 and mid-1994.
(i) X'X' channel

The asymmetry

is shown in figure 2. A fit to this asymmetry for the magnitude and phase of q+-,
using the CPLEAR value of Am measured from the semileptonic decays, yields:
Itl+- I = L2.312

9,-

f

0.043,t,t f O.O3OSy,,

= 42.7'

f 0 . 9 ° s t a t f 0,6
.,'

f 0.011,

*o

]

x

.go,

where the additional uncertainty of 0.01 1 x 10" on Iq+J is due to the uncertainty of
t, and 0.9" on 4,. is due to the uncertainty on the present value of Am = mL - m,

(ii) xozochannel

A new technique to reconstruct the kaon decay vertex has been introduced to improve
the vertex resolution. This has improved the lifetime resolution to lt,. A fit to the
asymmetry &, shown in figure 3, yields:
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Iqool= [ 2 . 4 9 f 0 . 4 0 , , , , 1

(Doe = 50.8O

x 10-3

f 7 .lostat

This measurement is presently dominated by statistical uncertainty, but clearly shows
directly CP violation in the JCOJCO channel.

(iii) jlev channel
The semileptonic decay channel enables a measurement of Am, and the parameter
x, a measure of any violation of AS = AQ rule. Figure 4 shows the asymmetry AA.,
A fit to this asymmetry yields.
m = [ 0 . 5 2 7 4 f 0 . 0 0 2 9 , , , , f 0 . 0 0 0 5 s y , , ] x 1 0 10Es- 1

%e(x) = [ 1 2 . 4

i 11

.9,,,,

i 6 .9syst1 1 0 - 3

A first direct measurement of T violation and CPT violation has been made by the
construction of the asymmetries AT and,,A,
shown in figures 5 and 6 respectively.
Fits to the asymmetries yields:
A, = [6. 3

f 2 . l S t a t i 1.8syst]

x 10-3

The value of AT is 2.30 from zero and provides first direct experimental evidence of
T violation in the K O system.

(vi)

JC+JC-JCO

channel

The decays of neutral kaons to
is complicated due to the angular momentum
dependence of the CP value of the final state. Hence there are three decay modes.
JC+JC~O
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KL -. z+x-no( 1 = 0 ) CP allowed
K,

K,

-

-.

n+n-no ( 1 = 0) CP violating

z + x - x o ( I = 1)CP allowed, angular

mom. suppressed

A Dalitz plot analysis enables the quantity of each mode to be determined since the
CP conserving K, decays are distributed antisymmetrically across the Dalitz plot
whereas the CP violating K, and K, decays are distributed symmetrically.
The construction of asymmetries from different regions of the Dalitz plot enables the
extraction of the parameters A, the ratio of CP allowed decay widths T(K, + ~ J C
n")/r(K, + x + J c ~ O ) , and q+*.
The CP conserving asymmetry is shown in figure 7 and a fit yields:

CP allowed transition
providing the first measurement of K, +
B.R. [K, + JC+JC~JC"]
The CP violating asymmetry is shown in figure 8 and a fit yields:
JC+JC-JCO

A comparison with previous experiments is shown in figure 9.

(VI
Combined results
The combination of the above measurements can provide a sensitive test of discrete
symmetries and quantum mechanics.

A comparison of $+-with superweak phase QSw = 43.3" k 0.16" yields a direct test of
CPT invariance resulting in a limit of the K O - I? mass difference of
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Furthermore some approaches to quantum gravity can produce a violation of CPT and
alter the asymmetries A+-and AA,,. A combined fit to these asymmetries results in an
upper limit for CPT violation described by the three parameters a,p and y.
a

<

4.0

x 10-17GeV, IpI

<2.3

x 10-19GeV,

yC3.7

x 10-21GeV

These upper limits enter the range 0 (m2,/MpJ

Future prospects and conclusions
The largest systematic uncertainty on the measurement of q+. is that caused by the
lack of knowledge of the forward scattering amplitudes of K O and I? in matter. This
regeneration error is responsible for a 0.6" systematic error on $+-and a 0.02 x 10"
systematic error on Iq+.l.
In 1996 CPLEAR will measure the difference of the forward scattering amplitudes of
K O and k' at low energies.
This will be performed by the insertion of a cylindrical
absorber (120" arc) made of 2cm thick carbon at a radius of 7cm (between PCO and
PC1). 90% of the original K,s have decayed before reaching the absorber. The
interference between the remaining K, and the K, regenerated from the K, within the
absorber will enable the measurement to be made. CPLEAR has been approved for
70 days of data-taking which will reduce the systematic error due to regeneration to
0.1 on $+-.
O
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Figure Captions
1. The CPLEAR Detector
2.The z+z-asymmetry A+-[t]. The solid curve is the result of our fit
3. The zoxoasymmetry A,(t).

The solid curve is the result of our fit

4. The semileptonic asymmetry A,$).
5. The semileptonic asymmetry &,[t].

The solid curve is the result of our fit for am
The dotted line is the result of our fit

6. The semileptonic decay, the asymmetry 4 as a function of the decay time

7. x+x-zo CP conserving asymmetries A+-O[t]. The solid curves are the result of our
fit for h
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8.

CP violating asymmetry A+-O[t].The solid curve is the result of our fit for q+-,,.
The dotted curve is the result of our fit where xe[,+.J = xe[,,+J is fixed
JC+JC-JCO

9. An argand diagram comparing the CPLEAR result for q+-o
with those from previous
experiments

CPLEAR Detector
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Figure 1.

-55-

0.6

0.4

0

0.2

T

0

0

-0.2

i

-- 0.03
-0.4

I

i

-

i

0.02

- 0.01
-0.6 -

Ot’
0

0
0

-

0

- -0.01
0

-0.8
- -0.02

-1

0

2

6

4

10

8

14

i2

16

18

-

Figure 2.

t-

0.3

0.2

0.1

0
0

10

5

15

7
Figure 3.

-56-

r7s1

.,-

20
s

0.8

>,
I

\

.z

0.3

0.2
0.1

0:
-0.1

7

2

4

6

8

10

12

14

7.5

10

12.5

15

17.5

16

2

18

,.0.06
L
L

0.04

T
?

-0.02

t

-0.04

kI

2.5

5

4,.z$\.mi;:?;:').\.si\J

J.Jc'zy '"?'
..
L.

Figure 5.
'

. 0.1

0.08

:
t
r

- 57-

20

e

22.5

25

0.2 0.15

~

A+-TP(X

> 0)

f

T t T

t,,t
*tf'Ttlt

ii

L

-0.05
-0.1

U. I

--

'

"

2

2

"

'

4

6

4

6

I

1

1

8

1

1

1

8

1

10

I , , , I ,

12

14

16

18

12

14

16

18

, I

20

Neutral Kaon decay time [TSJ

10

20

Neutral Kaon decay time [7s1

Figure 7.

-58-

"

I

0.18 I

I

0.02

1

I

I

I

i

Figure 8.

-59-

0

I

0.4

I
I

+0

I
I

E
-

I
I
I
I

0 Metcalf e t al

d
Q)

I

I

H Barmin e t a1

0.3

I

I
I
I

Zou et al

A

V CPLEAR

0.1

0

-0.1

I
I
I
I
I

I
I
I
I

,

-0.2

tl
-0.5

I

I

I

I

I

-0.4

I

I

I

I

I

-0.3

I

I

L
-0.2
I

I
I
I
I

I
I

I

-0.1

0

L

0.1

0.2

0.3

R e eta+-0

Figure 9.

-60-

l

0.4

. .

STAL BARREL EXPERIMENT
PROPOSAL 268

PS197

Queen M a ~ y
& Westfield College, London; Rutherford Appleton Laboratory;
Lawrence Berkeley Laboratory; UCLA; University of Bochum; University of B o w
University of Budapest; CERN; University of Hamburg University of Karlsruhe;
University of Maim; University of Munich; Carnegie Mellon, Pittsburgh;
CRN Strasbourg University of Zurich.
The Crystal Barrel is a 4x spectrometer designed to provide complete and precise
information on almost all final states produced in pp and pd annihilations at low energy.
The physics goal is to identify all light mesons in the mass range from 0.14 to 2.3 GeV/c2, to
determine their quantum numbers and decay properties and to study the annihilation
dynamics. The main interest is to find and identify the glueballs and hybrid mesons
predicted by QCD.
The experiment uses antiproton beams from the LEAR facility at CERN over the momentum
range 0.1 to 2.0GeV/c. The apparatus has "4x" geometry and is mounted inside a
solenoidal magnetic field of 1.5 T. The pp (or pd) interactions take place in a hydrogen
target; usually liquid hydrogen is used but two runs have been made during the past year
using a H2 gas target operating at 12atm pressure to enhance the rate of P-state
annihilations for antiprotons interacting at rest. Also during the past year a new silicon
strip detector has been installed surrounding the target, replacing the two cylindrical
multiwire proportional chambers previously used. As well as giving improved vertex
measurements it also significantly increases the efficiency for detecting neutral kaons
decaying to charged pions. A cylindrical jet drift chamber (JDC) is used to measure the
momenta of charged particles and ionization sampling gives discrimination between x's and
K s for momenta below 500 MeV/c. Nearly all neutrals and charged particles are detected
in a 1380 element barrel shaped CsI detector covering 97% x 4x solid angle.
The RAL group has been heavily involved in the design of the H2 gas targets. It is also
responsible for the ADC and discriminator systems associated with the CsI detector and for
the beam defining and veto counters. The special hardware constructed to give a fast trigger
on the total energy deposited in the CsI crystals has been frequently used during the past
year. The RAL group is also responsible for the maintenance of the software used in both
the crystal readout and online data monitoring.
S- and P- state annihilation in pp interactions at rest

It is of some importance to know the fractions of S- and P-state annihilations in pp
interactions at rest. As a result of the effects of Stark mixing, these quantities depend on
the H2 target density. Two body branching fractions have been used to derive the fraction
of P-state annihilation as a function of target density. Due to the Stark mixing it is
necessary to take into account an enhancement of annihilations from fine structure states
over that expected from a statistical population. The enhancement factors were obtained
from an atomic cascade calculation which fits available pp atom X-ray measurements. The
P-state fraction in liquid hydrogen is found to be fp = 0.13 f 0.04 and in gas at 12 atm
pressure fp = 0.50 f 0.05. These values are significantly different from, but more reliable
than, those obtained in previous evaluations.
pp

q xo xo Ire in flight

Data on this reaction at 1940MeV/c have been finalised for publication. The main
development since last year's report concerns presentation: plots have been found which
display the two 2-+ resonances at 1645 and 1850 MeV. The former decays to a2 (1320)~.
Fig. 1 (a) shows this channel by selecting a2 events within a window of f 50 MeV in q x mass,
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but rejecting events where a xx mass combination is compatible with fo (975) or f2 (1270).
Fig. l(b) does the converse selection, identifying xx pairs in the mass range 1150 - 1350 MeV
compatible with f2 (1270), but rejecting events where the qx pair lies within f 120 MeV of
a2 (1320). This selection enhances the q 2 (1850) -+ f2 (1270) q signal. On the figures, the
dashed curves show Monte Carlo simulations of phase space after these cuts; the full curves
show the fit.
The q 2 (1645) makes a natural candidate for the 2+ qq state expected at about this mass as
partner to a2 (1670). The second resonance q2 (1850) is a natural candidate for a glueball
or hybrid. Its strong decay to f2 (1270) q compared to a2 (1320) x makes it unlikely to be a
qq state (or the high mass tail of q2 (1645)). We are now actively searching for an I = 1
hybrid partner in the mass range 1800 - 1900 MeV, decaying to 3x.

pp -+ 5x0 at rest
The 4x mass spectrum for this reaction, Fig. 2, differs significantly from phase space. We
are able to fit this spectrum well, using as ingredients fo (13351, fo (1505) and fo (1750)
which we have discovered in analyses of other reactions. The histograms show data (full
histograms) and phase-space (dashed) for 4x, 311 and 2x. The 2x mass spectrum strongly
rules out the narrow fo (750) resonance claimed by Svec, which predicts the full histogram
on Fig. 2(d).
There is some hint in the data of fo (1500) -+ xx (1300). At the moment, the evidence is not
conclusive. If confirmed, it would be strong evidence against fo (1500) being a conventional
ground state qq meson. It would be explained naturally by fo (1500) being a gg state of
small radius; r = 0.3 fm is predicted by lattice QCD calculations, compared with 0.8 - 0.9
fm for qq states.
Further analysis of xx data

In earlier work, we have presented evidence for new O+ resonances fo (13351, fo (1505) and
fo (1750). These escaped detection in earlier analyses of x x elastic scattering and
m-+
K,OK;. In collaboration with A Sarantsev and V Anisovich, we have undertaken a reanalysis of these data using arameters consistent with those fitting pp + 3x0 at rest and
also pp -+ qqx and pp 4qx xo.

g

The fo (1505) shows up very clearly in CERN-Munich data on x+x- X+X- and we fit a decay
width Tzn = 60 f 12 MeV. Since annihilation data determined the relative branching ratios
of fo (1500) to xx, qq and qq', this result is important because it provides an absolute
normalisation of all decay modes.
+

The Q (1335) appears weakly in CERN-Munich data, which require a very small coupling to
2x, rzrr
5 40 MeV. The data on Z+Z--+
KZ; show a definite peak at 1300 - 1335 MeV,
presumably due to Q (1335). This strong KK coupling is surprising; it has proved difficult
to achieve simultaneous fits of this resonance to all data with consistent parameters. Work
continues on this, and also on fits to Crystal Barrel data on
Fp + K,K:d', K;K;z and K'K-d' .

jjp -+ qxOxOx0 at rest

A search for resonances below 1750 MeV decaying to qxoxo has been made. Neglecting the
production of 2++ mesons with mass below 1.75 GeV which are not expected to decay to
qxoxo, all other accessible states CO3, 1++ and 2+) are produced via P-wave annihilation at
rest. The data presently under discussion were obtained using a liquid hydrogen target
where the P-wave fraction is expected to be approximately 10%. New data from a run with
a gas target are presently being analysed.
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The data are illustrated by Fig. 3 where the large combinatorial background is evident.
Using the convenient shorthand 0 I (xx) s-wave, the data were fitted using the unbinned
maximum likelihood method with contributions from ~ ( 9 8 0 ) 0 a2(1320)o,
,
fI(1 285)x0,
q(1400)xo, f1(1510)x0 and q2 (1645)xo plus incoherent background distributed as phase
space. Fig. 3 illustrates the current status of the fits which are still continuing and are
therefore preliminary. One defect appears in the description of the qxoxo region
1520-1590 MeV when filtered events contain an qx combination consistent with an
a2(1320), Fig. 3(d). There was no requirement for an additional component from ~ ( 1 2 9 5 )
decaying to ao(980)x0 or from fl(1420). There is a structure evident when events are filtered
to contain an a2(1320), which is the q2(1645) with width 160 MeV which is also seen in the
in flight data (see above). A possible weak O* signal was evident at 1650 MeV when events
were filtered to contain an ao(980) and not an az(1320) which could not be distinguished
from q~(1645)+ (a0(98O)xO)~,2.

pp+ ooxo
There is speculation that the f2(1640) seen decaying to oo may just be a threshold effect
echoing the high mass tail of the fz(1520) (the "AX"J = 2 resonance, not the predominantly
sS r2(1525)). It is important that the f2(1520) is seen distinct from the fo(1500) (from
differing decay modes), and confirmation of the quantum numbers of the object at
1640 MeV decaying to oo is needed. To this end, data from 8.24 x 106 all-neutral triggers
has been utilised to extract the 00x0 final state (where o + xoy for both a's) resulting in
715 events relatively free from background. As shown in Fig. 4, there appears to be a
threshold enhancement in the oo system, and a partial wave analysis is in progress to
determine whether the quantum numbers of this enhancement are Jpc = O++ or 2++.

pp + x+x-qqxo at 1.94 GeVk
The only resonance observed to date with exotic quantum numbers (i.e., quantum numbers
not accessible to qq) is a J p c = 1-+ state at 1910 MeV which was observed to decay to
f1(1285)x0. Crystal Barrel data have been searched to try to find this resonance decaying to
fl(1285)q. Approximately 2 x 106 two-prong triggered events result in 1302 events
corresponding to the x+x-qqxo final state. After selecting events possessing an x+xT
combination falling within a window placed around the f (1285) mass, the mass
distribution shown in Fig. 5 is obtained. Analysis of the x + x - x o x h final state to search for
the same resonance decaying to fI(1285)x is in progress.
PUBLICATIONS
1

High-statistics study of fo(l500) decay into xoxo
Crystal Barrel Collaboration
Physics Letters B342,433 (1995).

2

qdecays into three pions
Crystal Barrel Collaboration
Physics Letters 8346, 203 (1995).

3

Observation of radiative pp annihilation into a 4 meson
Crystal Barrel Collaboration
Physics Letters B346, 363 (1995).

4

First observation of Pontecorvo reactions with a recoiling neutron
Crystal Barrel Collaboration
Zeit. Phys. A351, 325 (1995).
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5

First observation of the production of nucleon resonances in antiproton annihilation
in liquid deuterium
Crystal Barrel Collaboration
Phys. Lett. B352, 187 (1995).

6

High statistics study of fo (1500)decay into qq
Crystal Barrel Collaboration
Phys. Lett. B353, 571 (1995).

7

Coupled channels analysis of pp annihilation into nonono,#qq and n04q
Crystal Barrel Collaboration
Phys. Lett. B355, 425 (1995).

8

E decays to q m in pp annihilation at rest
Crystal Barrel Collaboration
Phys. Lett. B358, 389 (1995).

Internal Report
Total energy trigger module
C A Baker
CB Note 284
Ph.D. Thesis
Analysis of pp + ncltnq
A R Cooper
Queen Mary and Westfield College, London (October 1994)
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Fig. 3 Results from pp annihilation at rest into qxoxoxo. The present partial wave fit is
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corrected phase space. (a) Top left: The qxoxo distribution shows peaks consistent
with f1(1285), ~ ( 1 4 0 0 and
)
fl(1510). (b) Top right: Enhancements due to ao(980)
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DARK MATTER EXPERIMENTS
Proposal 2 7 0

Particle Physics/Astrophysics colla borarion

Imperial College London (Astrophysics)
Imperial College London (Particle Physics)
University of Sheffield (Particle Physics)
Birkbeck College London (Cosmic Ray Physics)
University of Nottingham (Cosmic Ray Physics)
RAL (Particle Physics, Astronomy, Technology)
A major unresolved problem at the interface of particle physics and
cosmology is the identity of the non-luminous matter which is known to
comprise 90% of the mass of our own Galaxy and up to 99% of the universe
as a whole. There is also evidence that much of the dark matter may be
non-baryonic, and could thus consist of relic stable elementary particles.
Candidate particles include low-mass neutrinos, axions or. weakly
interacting massive particles such as the neutralino.

An experimental programme to search for WIMPS was funded jointly from

particle physics and astronomy budgets, initially for the period 1991-95.
These experiments search for nuclear recoil events from the interaction of
dark matter particles. The UK programme is based on scintillating targets,
in particular NaI and liquid Xe, but with the addition o f new techniques to
discriminate nuclear recoil from background. The experiments are carried
out in an underground facility established in the Boulby salt mine (near
Whitby UK).
During the past year, analysis o f 6 months of data from a low background
6kg NaI detector has enabled new dark matter limits to be set which are
currently world-best. Using pulse shape analysis, the majority of the
background events can be shown to be due to electron recoils from gammas
or beta decay in the material (Fig 1). More detailed analysis sets a 90%
confidence limit on the proportion o f nuclear recoil events, which varies
from 1/10 of background at 5 keV to 1/40 of background at 2 0 keV (Fig 2).
Full statistical analysis for the low energy spectrum between 4 and 25 keV
yields new limits for dark matter interactions which are a factor 50 lower
than those set by underground Ge detectors in the case of spin dependent
interactions. Limits for coherent interactions are now also slightly lower
than the Ge detector limits, with continuous improvements now to come
from longer running and larger target masses.
Other improvements being studied include higher purity target material,
improved light collection with larger photomultipliers, and the use of
avalanche photodiodes for higher light collection efficiency.

- 70 -

Studies have also been made of a new type of liquid xenon detector based on
proportional scintillation in an electric-field-defined fiducial region, with
an outer self-shielding zone. This is named the 'ZEPLIN' configuration.
Work on liquid xenon was suspended during 1994, in order to bring the
UVIS detector into operation, but it is hoped to restart this in collaboration
with the UCLA particle physics group. Collaboration on directional TPC
detectors developed by UCSD has also been discussed.
Early in 1995 a major funding setback occurred when the new 4-year
proposal was strongly endorsed .by particle physics and astronomy referees
but the 50% astronomy contribution could not be renewed. The programme
has continued with predominantly particle physics funding, but
equipment and support staff are currently reduced to 50% of the previous
level. To maintain our competitive world position, proposals will be
submitted to restore at least part of the lost funding

Recent publications
Strategies for the detection o f particle dark amtter

P F Smith, Proc Conf on Sources of dark Matter (UCLA 1994) 221

Results from stage 1 of a Galactic dark matter search using low background
sodium iodide detectors
J J Quenby et al., Phys. Lett B 351 (1995) 70
New dark matter limits from NaI detectors
G J Davies, HEP 95 (Brussels, 1995) to be published
Dark Matter Limits from NaI detectors
N J C Spooner, TAUP 95 to be published
Data analysis for nal dark matter experiments
N J T Smith, TAUP 95 to be published
Dark Matter Limits from NaI detectors
N J C Spooner, Proc Conference Dark Matter (Rome 1995) to be published
New dark matter limits from pulse shape discrimination in a 6kg NaI crystal
P F Smith et al., Physics Letters (to be published)
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Studies of Heavy Ion Collisions
NA34/P213/EMU 09

Proposals 273, 278

Aichi College - Aichi University - Bari - CERN - University College, Dublin - Gifu
- University College London - Nagoya University - Nagoya Institute - Roma Salerno - Toho - Torino - Utsonomiya - Yokohama.

Y

Data retrieval and anal sis have effectively finished, A paper on charmed particle
production by ion col isions has been published whereas reports on correlation
studies and isotope separation in electromagnetic dissociation events are under
consideration.
Publications
1.

A hybrid set-up to study charmed particle production in
interactions.
N.Armenise et al,

32s

nucleus central

Nucl. Instrum and Methods in Physics research A341 (1995) 497

2.

Charged particle multiplicity and transverse energy measured i n 32S central
interactions at 200GeV per nucleon
S.Aoki et al,
Nuovo Cim 108A (1995) 1125
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RELATIVISTIC HEAVY ION INTERACTIONS

WA85l WAS4

Proposal 275

Athens; Bari; Bergexi; Birmingham; CERN; Collige de France; Kosice;
Legnaro; Madrid; Padova; Serpukhov.
The study of strange baryoxi spectra in heavy ion collisions is a useful probe of the dynamics of liadronic matter under extreme conditions. Tlie relative abundances for different
baryoxi and axitibaryoii species allow the degree and nature of flavour equilibration to be
)
provide independent information on tlie
studied, while the transverse mass ( T T Z Tspectra
teiiiperatures achieved in tlie collision [ 11. The onset of a Quark-Gluon Plasma (QGP)
phase during the collisions is expected to enhance strangeiiess production and, in particular, the antihyperon
yield with respect to normal hadronic interactions and to give
-experiment has high statistics data on strange
rise to a large =-/A ratio [2]. The WA85baryoxi ancl axitibaryoii spectra (A,E,?,E-,R - , F ) , and is the only experirnexit to have
ol>tained results 011 R- production in heavy ion interactions.

The WA85 experiment [:I] is a dedicated experiment aimed at studying strange particle
1 CkV/c arid central rapidity. It was performed using tlie CERN
production at
Omega Spectrometer with a 32Sbeam at 200 C;eV/c per iiucleoii incident 011 a tungsten
target. Tlie Omega Multi Wire Proportional Chambers (MWPCs) were modified to select
only high
tracks so that only a few tracks are recorded out of the several hundred
proclii(:e?d ill a central collision, iiiakiiig reconstruction of both strange arid multi-strange
Imryoiis possible. The apparatus axid trigger, designed to select central collisions, have
Ireen discussed previously [4].

The nietliods for reconstructing A [4]and Z- [ti] decays have already beexi described.
Figure 1 shows a fully reconstriicted Z- candidate. Results from our earlier data (10
triggers) have already been presented [4,5,6,7,S]. In this report we concentrate
011 oQr later high statistics results based on 60 iiiillioii triggers. Preliminary resiilts
were presented at the Quark Matter '93 Conference in Borlange, Sweden [9]. Since
tlien tlie data have beexi re-analysed arid in particular the corrections and systematics
calciilated in more detail [lO]. We have also analysed our reference proton-tungsten data
[ 113 for comparison with the sulphur data. We have successfully reconstructed Ii'+ axid
11'- xiiesoiis i n sulphur-tungsten ixiteractioxis from their tau decay I(+ + T + T + T - [12].
Figure 2 shows the effect mass distributions for I(+ and I<- candidates.
The xiumber of reconstructed I(+, K-,K O , A , E,E- and
candidates are given in
Table 1. The ~ T Z distributions
T
of tlie various particle species have been fitted using the
expression
itiillioii

z-

The strange baryoxis were fitted in the rapidity interval 2.3 <

charged kaons were fitted in the interval 2.3
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<

Y[ab

< 3.0 axid

Ylab

< 2.8 whereas the

the Ii'Os in the interval

\

2.5 < Y / & < 3.0. The inverse slopes (l/p) are given in Table 2, where the errors are
statistical only. The systematic error has been estimated, by simulation, to be about f
10 MeV.
The relative production rates for hyperons have also been calculated in sulphur-tungsten
-and proton-tungsten interactions and are summarised in table 2. The Z / A and :-/A
ratios
- are shown for pp, pW, SW, aiid SS iiiteractioiis in figure 3. The ratios
- -?/A and
E-/A increase by about 30% from p-W to S-W interactions and the ratio =-/A in S-W
interactions is over t h e e times greater than that observed in pp interactions [10,13], a
four standard deviation effect.

R- and

E hyperons

have been observed for the first time in heavy ion interactions
[14]. In order to isolate the small number of R- candidates from background, more
stringent selections are required than for E-s [15]. Figure 4(a) shows the final AI<(and c.c.) effective mass spectrum for events unambiguous with ?. The dotted lines
show background generated by mixing Vos with non-Vo tracks from different events. We
obtain an uncorrec.ted E / R - ratio of 0.57 f 0.41 in the phase space region 2.5 < YInb <
3.0 ancl p ~ >1.6 GeV/c [15]. More rec,ently[l6], the fully corrected Ryields have
to be
11eeii caluculated, allowing the production ratio R ~ E= (a- R-)/(s- F)
1.6 GeV/c; we obtain 0.8 f 0.4, or
calculated in the region 2.5 < Y / a b < 3.0 and p ~ >
H Q>
~ 0.79 at 95% confidence level. The value obtained
+?)
- -for the (0- +E)/(:ratio is compared with the upper limit of the ratio R- /Z- obtained in pp interactions by
similar
tlie AFS collaboratioii in figure 4(b). The kineniatic region for the AFS result-isto that used for the WA85'result. As can be seen froni figures 3 and 4 both the :-/A and
tlie (0- + F)/(E+ F)ratios show a clear enhancement in multistrange production
ratios with respect to pp collisions.

+

+ n+

The WA94 experiiiient [17] is a successor to WA85, i n which a sulphur target is used.
111 the

first pliase of tlie experiment tlie Omega MWPCs were used to measure hyperon
decays in SS interactions. 100 million triggers were obtained i n November 1991. The 3-,
Z-, A aiid spectra have been fully corrected for acceptance, reconstruction efficiency
and feed-down, allowing the 7nT spectra and the relative production ratios to be determined [18]. Charged kaons have
- also been identified in SS interactions [19]. Figure 5
shows the ??LTspectra for E-,E-,A and in the rapidity interval 2.5 < $//ab < 3.0. The
distributions have been fitted using expression (1). The values obtained for the inverse
slope are shown in Table 2. I n general? the values obtained are some 15 MeV lower than
those obtained in SW iiiteractioiis i n an equivalent centre-of-mass rapidity interval. The
particle produc.tion ratios are given in Table 3. As call be seen, the ratios are very siniilar
to those obtained by WA85, and therefore again the = - / A ratio is considerably higher
than tlie pp value[lO,l3].
_.-

A second period of data taking took place i n April 1992, using tlie Omega RICH in conjunction with a silicon telescope built from the existing WA82 charm decay detector, an
array of silicon microstrips. The aim of this phase of the experiment is to use the Omega
RICH to obtain identified protqn spectra to compare with the hyperon spectra already
obtained. The operation of the silicon telescope also provided valuable experience for the
purpose-built silicon telescope used i n the WA97 experiment [20]. New recoiistruction
code was required to find tracks in the telescope in a high track density environment.
Analysis of these data is now near completion and figure 6 shows a RICH event with a
ring of photon impacts consistent with a pion track.
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Reference data using the Omega MWPCs was obtained from an incident proton beam
a t 200 GeV/c in October and November 1993. 60 inillion triggers were recorded. The
event reconstruction was completed i n 1994 using the RAL IBM system and the analysis
of these data is now underway.
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Table 1: Particle yields from pW, SW, and SS data.
Number of Events
C a d idate
WA85 pW WA85 SW WA94 SS
K+
603
385
Ii'10,400
Ii'O
11,549

31,114
8,715
294
136

A

A
--Y

"-

Y

61,071
15,765
610
253

56,140
18,014
547
278

Table 2: Particle inverse slopes in yW, SW, and SS interactions.
pW Data
SW Data
Particle.
SS Data
Ii'+
211 f 12 172 f 20'
Ii'198 f 1 3 152 f 25'
219
f 5
Ii'O
224 f 3
A
197 f 2 233 f 3 213 f
2
A
185 f 5 232 f 7 204 f
5

-_
-

211
216

Y

_.

=-

Y

Ratio

K+/Ii'-

AfA
:-/E?/A-

E-fA

f 14 244 f 12 222 f
f 16 238 f 16 208 f

WA85 pW
2.3 < yla1, < 3.0
-

0.20
0.47
0.070
0.16

f
f
f
f

WA85 SW
2.3 < ylal, < 3.0
1.67 f 0.15+
0.02 0.196 f 0.011
0.07 0.47 f 0.06
0.006 0.097 f 0.006
0.02 0.23 f 0.02
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10
25

WA94 SS
2.5 < ylal, < 3.0
1.91 f 0.:37*
0.23 f
0.01
0.55 f
0.07
0.09 f
0.01
0.21 f
0.02
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Particle Physics Experiments 1995
The Sudbury Neutrino Observatory (SNO)
The Sudbury Neutrino Observatory (SNO) is a joint Canadian, US and
UI< venture designed to study neutrinos from the sun and other astrophysical
sources using a 1000 ton heavy water (DzO) Cerenkov detector (see Fig.1). All
four existing solar neutrino experiments, Homestake, Kamioka, Sage and Gallex,
report a deficiency of electron neutrinos relative to the standard solar model. A
non-zero neutrino mass and neutrino oscillations could explain the observations
but that is only a speculation without the positive evidence that SNO will be
able to provide.
The unique advantage of the SNO detector is that the use of D2O as a detecting mediuni enables not only the flux and energy spectrum of electron neutrinos but also the total flux of all neutrino types above an energy of 2.23 M e V
to be measurecl. With these two measurenients it will be possible to show clearly
whether neutrino oscillations are occurring and independently test solar models
by determining the production rate of 8B electron neutrinos in the solar core.
The U reactions are u,d + ppe- (charged current), and ud + npu, (neutral
current), for which the signal is a free neutron.
The plaiinecl SNO detector consists of an acrylic vessel containing 1000 tons
of D20 immersed in 7000 tons of high purity light water. Surrounding the acrylic
vessel are some 9600 photomultiplier tubes (PMTs) and the whole detector
is locatecl 20001n unclergrouncl. In order to improve the light collection, and
lience the signal to noise of the detector, the Oxford group has developed noniniaging concentrators to mount around the PMTs. They have the twin virtues
of increasing by 65% the detection of photons from the D20, (but not the HZO),
thus increa.sing the signal while simultaneously preventing a PMT from detecting
photons from the adjacent PMTs. This greatly reduces the probability of a radioactive decay near one of the PMTs being misidentified as an event in tlie D20,
which coulcl have been a major source of background at low energies. These
advantages have made the concentrators central to the design of tlie detector.
Besides the clesign and inanufacture of the concentrators, Oxford is also
involved in developing techniques for purifying water to m a s s concentrations
of 10-15 232Thand lO-I4 238U whose decay photons can photodissociate deuterium and so mimic the neutral current neutrino induced reactions which also
releases a neutron. The neutrons are detected in the Cerenkov counter via
radiative capture on chlorine provided by a 0.2% MgClz concentration in the
D2O. It is this solution which must be purified and the technique of seeded
ultrafiltration using hydrous titanium, HTiO has been adapted to absorb and
assay the undesirable raclio-active species of thorium, radium, and lead. The
primary absorption process is illustrated schematically in Fig.2. There are also
secondary processes involving HTiO and solvent extraction for which the end
product (starting from some hundreds of tons) is 12ml which can be counted
via beta-alpha coincidences in liquid scintillator. It is also desirable to remove
the (radio-active) potassium which occurs as a 5ppm impurity in the MgC12. A
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technique is being developed to remove the potassium from concentrated MgC12
solution using sodiuin tetraplienyl boron. The same technique will be used for
purifying the 6Li which will be added to tlie DzO, without tlie MgCl2, as a
non-racliative neutron absorber so that a clean measurement of charged current
events can be made.
Fig.3 indicates the energy spectra expected from the Cerenkov detector
under various operating conditions:
(i) H2O in tlie acrylic vessel, radio-activity background and a few neutrinoelectron scattering events,
(ii)
(iii)

+

DzO 6Li, charged current (c.c.) events with a spectrum identical to
P-decay superimposed on background.
D20

'B

+ MgCl2, neutral current (11.c.) events with the y-ray spectruin from

neutron radiative capture, superimposed on charged current events and
background.

The rates for

C.C.

and n.c. events can be separated by subtraction.

Tlie SNO group at Oxford plays tlie leading r6le in tlie development of software for tlie optimisation of the running of the experiment and for tlie analysis
of data via the programme SNOMAN: Suclbury Neutrino Observatory Monte
Carlo ANalysis code. The core of tlie programme has been written and documented and is now being implenientecl throughout the collaboration. One of tlie
most interesting developments which have emerged from the Oxford work has
been the application of neural network techniques for tlie separation of charged
current and neutral current events. Three examples of different network outputs are shown in Fig.4 where it is apparent that the separation of C.C. and n.c.
events is a great improvement on tlie simple energy spectrum of Fig.3. For Fig.4
an energy cut has been imposed to exclude the radio-activi ty background.
Status Report

The detector cavity of Fig.1 together with tlie ancillary rooms of tlie unclergrouncl laboratory have been sealed off from the rest of the mine and clean
for tlie past year.
The upper half of tlie geodesic support structure (Fig.1) has been assembled and the panels carrying photomultipliers and concentrators fitted to the
structure. Cabling of these photomultipliers is now in progress. All of the Oxford concentrators have now been maiiufactured and the half not yet installecl
are stored in Suclbury.
Tlie seeded ultra-filtration (SUF) plant for the purification/assay of
2001/111in of DzO,shown schematically in Fig.2, has reached the manufacturing
stage. The elution system for the filters has been separated from the main D 2 0
ancl is being built as a free-standing automated system.
The clevelopment work on tlie removal of potassium from MgClz solution
ancl tlie concentration of lead and thorium by solvent extraction is well advanced
but not yet complete.
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The jigs for assembling the top half of the acrylic vessel in the detector
cavity have been installed with a major contribution from the technical staff in
Oxford. Work has started on the alignment and bonding of the acrylic panel
which make up the vessel. This will be a long slow job which it is expected will
take a full year for the two halves of the sphere.

N.W. Tanner

October 1995
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Figure 1. A drawing of the SNO Cerenkov counter showing the cavity 22111
diameter by 30in deep, 2OOOin below the surface, the support structure 17.5111
diameter for 10000 photomulti~~lier,
and the acrylic vessel for D20,12m diameter.
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Ra and Th in water and extract via a filter of pore size ca. 1Onm.
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A search for the H-particle and other strange matter
Birmingham University, Brookhaven, Carnegie-Mellon, Freiburg, Kyoto,
Kyoto-Sangyo, Los Alamos, Manitoba, New Mexico,
Triumf, Vassar College
This project comprises several related experiments on systems with multiple
strangeness. Two of these (E813, E836) are searches for the S=-2, B=2 H-particle[l].
The third, E886, is a search for other forms of strange matter.

A. E813

- A search for t h e H-particle in Z-d interactions

Brookhaven E813 is a search for the H-particle, a strangeness-2 dibaryon, by Zinteractions at rest in deuterium. In E813, K - at 1.8 GeV/c enter a liquid hydrogen
target, producing Z- by the reaction

K-p

--t

K'Z-.

The K+ are detected in a magnetic spectrometer. The Z- pass through a tungsten
degrader and a Si surface-barrier detector, and stop in a liquid 0 2 target, where they
form Z-d atoms which produce H-particles via the process

Z-d

-+ Hn.

Thus the signal of H-particle production is a K+ in the magnetic spectrometer, a
signal from a slow Z- in the Si detector, and a monoenergetic neutron in the neutron
T O F spectrum. A schematic diagram of the layout of the apparatus is given in fig.
1.
During 1995, analysis has been almost completed for all data taken during the
main data-taking runs in 1991-3. Cuts were applied on all detector pulse heights, in
particular the Si detectors tagging the Z-, and also on the vertex position relative to
the hit in the bank of Si detectors. The data are summarised in a plot of the neutron
time-of-flight spectrum. Two such plots are shown in fig. 2, in the form of spectra of
p-'. The background spectrum is taken from a scaled, non-Si-tagged spectrum. The
production of a bound H-particle would result in a peak in this spectrum. No clear
peak i s visible, other than the 7 peak at p-' = 1. The largest candidate peak is at
p-' = 3.04, which would correspond to an H-particle binding energy of 56 MeV. The
statistical significance of this peak is about at the 3-U level[2]. While suggestive,
this peak does not, of course, establish the existence of a bound H-particle. An
independent confirmation is required.
Because of this, another data-taking run was carried out in 1995. After initial
problems with target leaks, the run went well and the total data sample was doubled.
Analysis of the 1995 data is in progress.
As a part of the analysis, calculations have been made on the decays of the Z - d
atom. The calculation of the sensitivity of the experiment relies on an understanding
of the processes in this atom. These calculations, which have been carried out for
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us by Dr. C.J.Batty, have recently been extended to use an improved model which
gives a substantially better fit to pp atom data. The implications of this model for
the Z-d atom are being studied.

B. E836 - A

search for the H-particle in K - 3 H e interactions

This experiment searches for H-particle production in the process

K - 3He

HK'n.

Only one target is involved, a liquid 3He target, and there is no slow Z to tag in Si
detectors. Apart from these differences, the experimental apparatus is very similar
t o that for the Hz/Dz version, E813. The 3He-target experiment is sensitive to a
wider range of H-particle binding energies than is E813.
No further data taking took place during 1995. The first stage of analysis of
the data taken during the 1994 run i s now complete. The results take the form
of a plot of missing mass, calculated assuming a neutron spectator. This is shown
in fig. 3. There is a broad distribution from quasi-free z production. A bound
H-particle would give rise to an additional peak in the spectrum. If the H-particle
binding energy is less than about 30 MeV, the corresponding peak would be lost in
the quasi-free distribution. However, the region of the spectrum corresponding to
binding energies between 30 and 500 MeV shows no peaks and very little background.
Also shown in fig. 3 is the peak height expected from the calculations of Aerts and
Dover[3]. It seems that either these calculations overestimate the yield by at least
an order of magnitude, or that no bound H-particle exists in this mass region.
The analysis so far has not used the neutron detector information. If an H is
produced, there is a significant chance that the associated neutron will be detected.
Analysis of the neutron spectra is now under way.

-

C. E886

-A

search for new strange particles in nucleus-nucleus collisions

Experiment E886 is a search for strangelets and other exotic forms of matter in
relativistic heavy ion collisions. Such objects are expected to have anomalously large
mass-to-charge ratios (M/Z). Any object with M / Z 2 4GeV/c2 cannot be a known
nucleus and is potentially a strangelet. After a test run in 1992, (which produced
results which were published in 1993 and 94), the main data run took place during
1993.
The apparatus was again similar to that for experiments E813 and 836, but the
H-particle production target was removed and replaced by 4 scintillation counters
[4,5,6]. The AGS D6 beamline was used as a focusing spectrometer, producing a M/Z
measurement, which was repeated in the associated open geometry spectrometer.
The charge (Z) of the particles was deduced from pulse height measurements in
four plastic scintillators placed in the region between the beamline and the open
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spectrometer. Requiring agreement between the two M/Z measurements resulted in
very clean spectra and good particle identification capabilities, see fig. 4.
Analysis of this experiment is now complete. In previous years we have published
cross sections for the production of T , K,p, d and other nuclear fragments, the first
such cross sections to be published for a Au beam and AGS energies. The final stage
of analysis, which has been completed this year, was to set limits on the production
of strangelets and also of H-nuclear bound systems (i.e. H-hypernuclei). No such
systems were seen. For H-hypernuclei, we set a limit on the production cross cross
section of about 10-5mb/(GeV)2, at y = 0.6 and p/Z = 0.18GeV/c, for lifetimes
above about 30 ns. This appears to be in disagreement with a calculation[7] of the
yield; if so, this sets an upper limit on the lifetimes of H-nuclear systems. The data
have been published in Phys. Rev.[8].
P t and Au
Pt
For strangelet production, we obtained limits for both Si
P t collisions are shown in fig. 5, both as invaricollisions. The limits for Au
ant cross section and as probability per central collision. Several predictions have
been published of strangelet production probabilities. I n general, those based on a
coalescence model alone predict probabilities well below the sensitivity of our experiment. Calculations involving the formation of a quark-gluon plasma predict yields
comparable with our sensitivity. Predictions of three such calculations[7,9,10] are
superimposed on our data in fig. 5. Two of these are ruled out by our data and
the third is comparable with our limits. If these calculations are correct, we can
exclude either the formation of a quark-gluon plasma in these Au Pt collisions or
the stability (or meta-stability) of strangelets in this region of M / Z . The data have
been submitted for publication in Phys. Rev. Letters.

+

+

+

+

References
[l]R.L. Jaffe, Phys. Rev. Lett. 38, 195 (1977).
[2] F. Merrill, Ph.D. thesis, Carnegie-Mellon University, 1995.
[3] A.T.M. Aerts and C.B. Dover, Phys. Rev. D 2 8 , 450 (1983).
[4] G.E. Diebold e t al., Phys. Rev. C 4 8 , 2984 (1993).
[5] N. Saito e t al., Phys. Rev. C 4 9 , 3211 (1994).
[6] A. Rusek, Ph.D. thesis, University of New Mexico, 1995.
[7] A.J. Baltz e t al., Phys. Lett. B 3 2 5 , 7 (1994).
[8] A. Rusek e t al., Phys. Rev. C 5 2 , 1580 (1995).
[9] H.J. Crawford e t al., Phys. Rev. D 4 5 , 857 (1992).
[10] Z. Arvay e t al., 2. Phys. A 3 4 8 , 2 0 1 (1994).

Publications, Conference Contributions a n d t h e s e s

+

Search for H-dibaryon-nucleus bound states in relativistic Au
Pt collisions, A.
Rusek, B. Bassalleck, A. Berdoz, T. Burger, M. Burger, R.E. Chrien, G.E. Diebold,
H. En’yo, H. Fischer, G.B. Franklin, J , Franz, T. Iijima, K. Imai, J. Lowe, R. Magahiz, A. Masaike, C. Mayer, F. Merrill, S. Mihara, J.M. Nelson, K. Okada, P. Pile, B.P.
Quinn, E. Rossle, N. Saito, R. Sawafta, H. Schmitt, R.A. Schumacher, R.L. Stearns,
R. Stotzer, I.R. Sukaton, R. Sutter, F. Takeuchi, D.M. Wolfe, K. Yamamoto, S.
Yamashita, S. Yokkaichi, V. Zeps, R. Zybert, Phys. Rev. C 5 2 , 1580 (1995).

- 97-

+

+

Search for strangelets in relativistic Si
Pt and Au
P t collisions, A. Rusek, B.
Bassdeck, A. Berdoz, T. Burger, M. Burger, R.E. Chrien, G.E. Diebold, H. En’yo,
H. Fischer, G.B. Franklin, J , Franz, T. Iijima, K. Imai, J. Lowe, R. Magahiz, A.
Masaike, C.A. Meyer, R. McCrady, F. Merrill, S. Mihara, J.M. Nelson, K. Okada, P.
Pile, B.P. Quinn, E. Rijssle, N. Saito, R. Sawafta, H. Schmitt, R.A. Schumacher, R.L.
Stearns, R. Stotzer, I.R. Sukaton, R. Sutter, F. Takeuchi, D.M. Wolfe, K. Yamamoto,
S. Yamashita, S. Yokkaichi, V. Zeps, R. Zybert, Phys. Rev. Letters, submitted.

A multi-cell target for A - A hypernuclei searches, B. Bassdeck, A. Berdoz, J.
Birchall, T. Burger, M. Burger, R.E. Chrien, C.A. Davis, G.E. Diebold, J. Dornboos,
M. Eggers, H.Fischer, G.B. Franklin, J , Franz, L. Gan, T. Iijima, K. Imai, M. Landry,
L. Lee, J. Lowe, R. Magahiz, C. Maher, A. Masaike, M. May, R. McCrady, F. Merrill,
K. Okada, S.A. Page, P.H. Pile, B.P. Quinn, W.D. Ramsay, E. Rossle, A. Rusek,
R. Sawafta, H. Schmitt, R.A. Schumacher, R.L. Stearns, R. Stotzer, I.R. Sukaton,
R. Sutter, F. Takeuchi, W.T.H. van Oers, D.M. Wolfe, K . Yamamoto, M. Yosoi, V.
Zeps and R. Zybert, International Conference on Hypernuclear and Strange-Particle
Physics, Vancouver, July 4 - 8. 1994, Nucl. Phys. A585, 339c (1995).
A. Rusek, A search for strangelets and other rare,objects in relativistid AU
collisions, Ph.D. thesis, University of New Mexico, 1995.

+ Pt

I.R. Sukaton, H-particle search through direct production from carbon targets using
( K - , K+)interactions, Ph.D. thesis, Carnegie Mellon University, 1995.
F. Merrill, H dibaryon search through 3- capture on the deuteron, Ph.D. thesis,
Carnegie Mellon University, 1995.
T. Iijima, Search for the H dibaryon by 2- capture on the deuteron, Ph.D. thesis,
Kyoto University, 1995.

- 98-

Uemeron

Del&

Fig. 1. Layout of the main components of the apparatus for E813/836. The perspective view, (a), shows the general layout, while the side view, (b), shows more detail.
The neutron counters, some of which are not shown for clarity, surround the target
on both sides. Several Cerenkov and scintillation counters are also omitted from
this drawing. For the strangelet search, E886, the apparatus is essentially the same
except that the liquid H2/liquid Dz target is replaced by 4 scintillation counters.
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Measurement of Beauty Particle Lifetimes and
Hadromoduction Cross-section
Proposal 280

WA92

Bologna; CERN; Genoa; Imperial College; Moscow; Pisa; Rome; Southampton

This experiment uses a 350 GeV negative pion beam incident on tungsten and copper targets at
the CERN Omega Spectrometer. Its aim is to identify a sample of B mesons, large enough to
address several important physics issues, including measurements of the lifetimes of charged and
neutral B mesons and the B hadroproduction cross-section.
Heavy nuclear targets are used to exploit the A’ mass number dependence of the b8 cross-section.
But, even so, the B-signal to noise ratio is only 10-6. Methods used successfully to isolate charm
signals from fixed target experiments will not work with beauty. Fully reconstructible channels
account for about 10% of charm decay vertices compared with 10-3 for beauty. It is hopeless to
rely on reconstructing the invariant mass of R-decays. Instead, the identification uses the cascade
decay topology, the identification of the daughter charm decay and the high-p?. of leptons emerging
from the B-decay.
The experimental triggers emphasize characteristic features of B-decay: impact parameter, to select
secondary vertices; lepton triggers, to exploit the large semileptonic branching fraction; high p ~ ,
to select high mass decays. The detector is based around the Omega spectrometer, with muon and
electron identification and a dense array of high precision ( 0 < 3 pm) silicon microstrip detectors,
acting as an clcctronic emulsion stack in which the cascade 6 c decay chain can be observed.
During 1992-93, 150M triggers were recorded. The trigger algorithm enriches, by a factor 20,
the Beauty fraction of the data while maintaining a high (- 50%) acceptance. On reasonable
assumptions for the B cross-section we estimate that more than 1000 B’s are on tape, from which
we expect that a few hundrcd will be identifiable. Analysis of 20% of the triggers has so far
yielded about 20 Beauty candidates with small backgrounds. Using this sample a cross-section of
a(b5) = 7 f 2 nb/nucleon has been obtained. From the full data sample we expect to measure the
charged to neutral B-lifetime ratio and the bz cross-section to a precision of 10%.
The discriminating power of the silicon vertex detectors has allowed measurements of charm physics
with vcry low backgrounds. An analysis of kinematic correlations in D D production and a new
upper limit on the FCNC process D
p+p- have been published during 1995.

-

-

-

WA92

- Publications in refereed journals:

1994

- 95

“The use of a decay detector in the search for beauty decays in the WA92 experiment.”
Nucl. Instr. & Methods A351 (1994) 222 - 224.
“A secondary-vertex trigger for a beauty search: results from the WA92 experiment.”
Nucl. Instr. & Methods A351 (1994) 225 - 228.
“Study of charm correlations in 7r--nucleon interactions at 26 GeV centre of mass energy.”
Phys.Lett B348 (1995) 256-262.
“Search for the decay Do+ p+p-.”
Phys.Lett B353 (1995) 563-570.
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A Measurement of the Beta Spectrum of 63Ni using a New
Type of Cryogenic Detector

Oxford University

A precision measurement of the beta spectrum of 63Ni has been performed using a new
type of cryogenic particle detector. This is the first nuclear physics experiment using this
technique, and we discuss the principles of the method, its advantages and its
shortcomings. Careful studies of detector stability, calibration, pulse pile-up and
systematics have made it possible to collect large numbers of events (-108) over long
periods (-28 days). The measurement is consistent with no 17 keV/c2 neutrino admixture,
giving a preferred value of ( - 0.05 k 0.31 ) %.
1. Introduction
The original motivation for this work was to investigate the 17 keV/c2 neutrino
question using a new type of cryogenic detector being developed in Oxford. Although the
evidence for this neutrino [ 11has now disappeared, and has been shown to be due to
instrumental effects [2, 31, it has stimulated substantial improvements in beta-spectrum
measurement techniques with magnetic spectrometers and with semiconductor detectors [461. We report here the highlights of a measurement based on a wholly new technique where
the source is fully enclosed within the detector and there are no dead layers. This
arrangement avoids the distortions in the measured beta spectrum which result from
electron backscattering, final-state atomic effects which generate secondary electrons and xrays, and the generation of fluorescence x-rays within the detector, thus permitting a
calorimetric measurement of each beta-decay event. Also, a high counting rate is obtained
with a very thin (less than a monolayer) source, thus avoiding non-uniform energy losses
in the source which have plagued many beta-decay experiments.
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2. Principles of the detector

For ionising particles incident on semiconductor detectors only a small fraction of the
kinetic energy goes into the production of electron/hole pairs (30% for Si and 10% for
InSb) [7]. The remainder goes into the production of phonons, the quanta of lattice
vibrations. These phonons can be detected if one works at a low temperature, S100 mK,
where the background of thermally generated phonons is small. We choose the direct-gap
semiconductor InSb as the absorber because the charge carrier lifetimes are short and the
recombination processes lead to the production of more phonons. The charge signal is not
directly detected.
An excellent phonon sensor is the superconducting tunnel junction (STJ). Phonons
which have energy R 2 2A, where 2A is the Cooper pair binding energy, readily break
Cooper pairs in the films comprising the STJ creating electronic excitations (quasiparticles)
which are detected as an increase in the tunnel current [8]. During the subsequent
thermalization and decay of high energy phonons into ones of lower energy, phonons with
energy Q c 2A are not directly detected, and so the pulses have a short decay time
compared to a thermal detector. To fabricate the STJs we use A1 films which have
2 6 = 400 peV. This is small compared with the maximum phonon energy in InSb of
about 17 meV and large compared to the thermal energy at 100 mK of about 24 peV.
Each phonon sensor consists of a series-connected array of 200 STJs covering an area of
20 mm2 on one surface of each crystal, yielding a position independent response to
electrons from the source.
This cryogenic detector scheme is significantly different from that of the low
temperature thermal detector [9]. In the thermal detector, the phonons thermalize to a
slightly higher temperature on a time scale of a few 100's of ps, when the temperature rise
is sensed, and there is a long thermal decay (- 10's of ms) during which the detector returns
to its starting temperature. Low statistics measurements of the beta-decay spectrum of
187Re [lO, 111 have been made by this method. However this mode of operation is too
slow for a high-rate experiment, and in our scheme the phonons are detected before they
thermalize.

3. Experimental arrangement

A schematic of the experimental arrangement is shown in Fig. 1. Each of two detectors
consists of a single crystal of InSb in which the particle energy is absorbed. The two
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crystals (each of dimensions 12xl2x2 mm3) enclose the thin ( 2 ~ 1 0 - 4pg cm-2) 63Ni
beta source of 1-mm diameter which was electroplated onto the face of one of the crystals
from a 10-pl drop of dilute buffered 63NiC12 solution [12]. The maximum beta electron
energy is -67 keV which corresponds to an electron range in InSb of about 10 pm, much
less than the crystal thickness. The Al, films comprising the STJ arrays are 115 nm thick
and were deposited in a high-vacuum thermal evaporator using shadow masks and an
intermediate oxidation step to form the tunnel barriers. The thin S i 0 layers provide
electrical isolation from the crystals which are conducting at the temperature of operation.
The detectors are mechanically and thermally clamped and mounted in a conventional
dilution refrigerator where they can be operated at a constant temperature, typically 30 to
100 mK.

4. Detector operation and data acquisition
The kinetic energy of electrons from the source is converted into non-equilibrium
phonons which propagate from the interaction site, becoming isotropically distributed by
decay and scattering processes within the crystal in a few ps. The electronic signals from
the STJ arrays can be read out over short time scales (< 1 ms), determined by the
characteristic time for the non-equilibrium phonons to decay to energies below the
superconducting gap 2A. Counting rates of up to 100 Hz were possible in these detectors
with pulse pile-up below the 5 % level.
The pulse height in each channel, measured with charge-sensitive preamplifiers, is used
to determine the amount of energy deposited within each InSb crystal. The kinetic energy
of a beta electron emitted from the enclosed source may be completely absorbed in one of
the two crystals, or shared between them, for example, due to back-scattering of the
electron from one crystal into the other, or by the emission of a fluorescent x-ray.
Pulses arriving at an average rate of 80 Hz are read out from the arrays using an
integration time -200 ps. Individual pulse shapes were sampled at a rate of 1 MHz using
12-bit waveform digitisers over a period of -1.3 ms (including 0.5 ms pre-pulse
information) [ 131. At five minute intervals, the devices were checked for stability using 200
constant energy pulses from a variable energy precision infrared LED which were directed
on to one edge of the detectors by an optical fibre. Every 3 hours, variable energy LED
pulses were used to measure the device linearities over the range 0-100 keV, and to
measure the pile-up spectrum, taking care that the data acquisition was triggered in a
manner identical to that for beta events. The differential non-linearities of the waveform
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digitisers were measured separately using a slowly varying ramp signal. An external 57Co
y source (with y energies 122 & 136 keV) was used approximately every 60 hours to
validate the stability of the LED calibration against an absolute energy calibration.
Corrections based on the LED calibration data were made for drifts and linearity. Two
forms of cross-talk between the 2 channels were identified at the -1% level, phonon crosstalk and electronic capacitive cross-talk, and were corrected for.
The 63Ni beta spectrum data was acquired over a period of 4 weeks in two independent
runs carried out with slightly different conditions. The devices remained relatively stable
over this period with slow drifts in the electronic signal for a fixed energy deposition of
less than k 5 %. A total of 6 . 1 ~ 1 0 763Ni events and 6x106 LED calibration pulses were
recorded during the first two week run and the results are reported here. Further
experimental details and a full analysis will be published in due course.

5. Data Analysis
The detector response function, including the effect of pulse pile-up, as measured with
the LED pulser is shown in Fig. 2. The result obtained is independent of the amplitude of
the LED pulses. The pile-up spectrum makes a significant contribution to the measured beta
spectrum only immediately above the end-point. The error associated with convoluting a
theoretical beta spectrum with this response function has a maximum at the end-point and is
equal to

- 0.1 % of dN /dE which is an order of magnitude smaller than the statistical

uncertainty associated with the 63Ni counts. For energies below 60 keV the convolution
error is negligible.
The full spectrum including pulse .pile-up and background is shown as curve (1) in
Fig. 3(a). Curve (2) results from deconvoluting the pile-up response function of Fig. 3.
Also shown is the estimated 11511-1beta spectrum [14] from the InSb absorbers which is the
dominant background only between 300 and 400 keV. One problem with this detection
scheme is that it is not possible to easily remove the beta source in order to measure the
background or replace it with a calibration source. Backgrounds were measured with
similar InSb devices, and with Si and Ge semiconductor detectors in the same room. For
energies less than 60 keV the background is less than 1%, and is 10% of the pulse pile-up
rate at the end-point.
In our fitting of the 63Ni spectrum we assume a theoretical end-point of 66.85 keV, a
theoretical spectrum (see ref.[l]), and let the energy scale of the 63Ni data vary as a free
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parameter. Convoluting the theoretical spectrum with the measured response function
reproduces the observed pile-up spectrum above the 63Ni end-point. Figure 3(b) shows
the residuals from a fit over the range 30-60 keV, where the relative background rate,
radiative and exchange theoretical corrections and convolution error are negligible. A fit
including an admixture o f a neutrino o f mass 17 keV/c2 gives the result
( - 0.05 k 0.31 ) %. We are currently investigating the presence of radiative corrections

and exchange corrections to the nuclear beta transition matrix element, which are important
at low energies ( < 10 keV ) and close to the end-point.

6. Conclusions
This experiment demonstrates the power of the calorimetric properties of a cryogenic
detector scheme based on the detection of the non-equilibrium phonons produced by
nuclear particles, and the feasibility of long term, high counting rate acquisition with STJ
detector technology. The calorimetric measurement of the 63Ni beta spectrum is consistent
with no 17 keV/c2neutrino admixture.
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Fig. 1. Schematic arrangement of beta-source and detectors.
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NA48

A Precision Measurement of €'/E in CP Violating
KO -+ 271-Decays
Cagliari, Cambridge, CERN, Dubna, Edinburgh, Ferrara, Florence, Mainz, Perugia, Pisa,
Saclay, Siegen, Torino, Vienna, Warsaw Collaboration

This experiment, approved in 1991, aims to measure precisely the strength of CP-violation
in the decay amplitude relative to the dominant CP-violation in the KO mass matrix, by
comparing the ratio of decays into two charged and two neutral pions for K s and KL. The
technique, while similar in some respects to that of the N A 3 1 experiment, is very different to that
of previous experiments. The T+T- decays will be detected and measured in a classical magnetic
spectrometer while the 27r0 decays will be detected and measured in a novel electromagnetic
calorimeter using liquid krypton as the ionizing medium. The liquid krypton technique has
been shown to work in a small test calorimeter, and achieves the required precision in energy,
position and timing. The calorimeter consruction has progressed well, and the cryostat and
electrode structure are at CERN; prototype electronics have been tested in a beam and the final
layout is in progress. There was a test run in August and September with all detectors except
the liquid krypton calorimeter and one of the four drift chambers; most detectors were equipped
with prototype readout, and the hadron calorimeter and muon chambers were read out with
alternative electronics. Prototypes of the advanced triggering and readout systems were used,
and about 0.55 TBytes of data were obtained in about 3 weeks of data taking, mostly minimum
bias running. The mass distribution for Ii's decays is shown in Figure 1.
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Figure 1: The lis mass distribution for selected events using the charged particle spectrometer.

All of the data were recorded remotely on the Meiko C
a standby system in the control room was not tested.

S installed
~

in the CERN computer centre;

In a related development, a study was made of an alternative to lead as a converter of photons
in the anti-li's counter (AKS) situated at the exit of the l
i's collimator, its purpose being to veto
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all Its decays before it and so define the fiducial region. The counter consists of scintillators
attached to photomultipliers and so to detect; the neutral decays 11 mm (2 xO) of lead is
placed in the beam to convert at least one of the photons. Unfortunately this converter also
scatters the Ii's beam and so can produce a different acceptance between II'L and A's decays.
To help reduce this problem studies were performed on a tungsten crystal in a photon beam.
Theoretical predictions indicated that the radiation length of a crystal is dramatically reduced
near its axes and so this would allow a reduced thickness of material to be used in the AI<%
Tungsten was chosen because the photons will be incident over an angular range of f10 nirad
and the theory predicts a radiation length reduction over a wider angular range for higher z
materials. Using the H2 beam line at CERN, in collaboration with the NA43 experiment, data
was taken for photons incident near the < 100 > axis of a 3.17 mm thick tungsten crystal.
Figure 2 shows the results obtained when photons were incident along the axis. The results of
these runs are that the theory agrees with the data within errors and that the effect is large
enough to be of use in N ~ 4 8 .More data has been taken this summer with an iridium crystal
and again with tungsten but this time around the < 111 > axis. Both of these are predicted
to have a greater effect that < 100 > tungsten. After analysis of these data a crystal will be
8's beam itself.
installed this summer for testing in the N ~ 4 A
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Figure 2: Plot of the change in radiation length of tungsten as a function of the incident photon
energy; '7 is the ratio of the crystal radiation length over the amorphous radiation length. The
line indicates the theoretical prediction.

Publications and Theses
1. N.E. McKay An Input Bufler for the NA48 Experiment at CERN, Edinburgh (1995)
2. R. Moore et al, Measurement of Pair-Production by High Energy Photons in an Aligned
Tungsten Crystal, to be published in NIM

- 113 -

STUDY OF LEAD LEAD INTERACTIONS
AT 160 GeV/c PER NUCLEON

WA97

Proposal 285

Athens; Bari; Bergen; Birmingham; CERN; Genoa; KoSice; Legnaro; Oslo;
Padova; Paris; Prague; Protvino; Rome; Salerno; Strasbourg.
The study of strange baryon spectra in heavy ion collisions is a useful probe of the
dynamics of liadronic matter under extreme concli tions. The relative abundances for
different baryon and antibaryon species allow the degree and nature of flavour equilibration to lie studied, while the transverse mass (1117') spectra provide independent
inforination on the temperatures acliieved in the collision [ 11. In particular, the onset
of a Quark-Gluon Plasma (QGP) phase during the collisions is expected to enliance
the antihyperon
- - yield with respect to iiorinal haclronic interactions and to give rise
to a large E - / A ratio [2]. The WA85 and WA94 experiments have high
- statistics
data on strange baryon antiliaryon spectra [3], and both measure the =-/A ratio to
lie significantly larger in S-W and S-S collisions tlian in p-p interactions.
The advent of P1) beams at CERN gives us the opportunity of searching for a phase
transition to a QGP in the interactions of truly heavy nuclei with larger reaction
volumes. However it presents us with additional experimental prolilems due to the
very high track densities. The main challenge is to reconstruct strange particle decays
in this high inultiplicity eiivironinent .
The WA97experiment [4] aims to measure the spectra of hyperons and antihyperons
(A,K, E-,E-,fl-,F)
produced in Pb-Pb interactions at 160 GeV/c per nucleon
using the Omega Spectrometer at the CERN SPS. The principal aim is to compare
tlie production of liaryons carrying one unit of strangeness (.A) with those carrying
two (E-) ancl three units of strangeness (a-). The possiblity of a comprehensive
study of the spectra of various hyperon and antihyperon species constitutes a unique
feature of the experiment.
The 1994 setup for WA97 is shown in fig. 1. The target was followed by t h e e stations
of niultiplicity detectors: one sciiitillator station and two microstrip stations. The
scintillators were used at trigger level to select central Pb-Pb collisions (typically 30%
of the inelastic cross section). More accurate inultiplicity information for off-line use
is provided by the two microstrip stations, each sampling the niultiplicity about one
unit of rapidity, with 34% azimuthal coverage.
The silicon telescope is placed above the lieam line, ancl is inclinecl to point back to
the target. The angle is chosen in such a way as to have good acceptance for the
decays of hyperons producecl at central rapidity and p ~ 0.5
> GeV/c. Each plane is
5 cni by 5 cm and the length of the telescope is 60 cin. For the 1994 P b run the
telescope started at 90 cni from the target (120 cm for the first part of the run) and
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consisted of six doublets of silicon detectors ( 8 microstrip planes and 4 pixel planes).
The pixel dimensions are 500 pm x 75 p i , and the four planes had a total of 300 000
channels. Additional lever-arm tracking was provided by a further doublet consisting
of a plane of silicon pads and a microstrip plane at 180 cni froin the target, and three
planes of multi-wire proportional clianibers with pad cathode read-out at 4 ni from
the target.
During November and December 1994 we o l h i n e d GO million triggers of central PbP b interactions and also took p-Pb data for comparison. Fig. 2 shows the display
of a Pb-Pb event taken without magnetic field. The event is viewed looking clown
the telescope towards the target. The squares rellresent hits on the four pixel planes,
and the straight lines represent tlie 40 fitted tracks. .All tracks except two (shown
by dashed lines) point back to tlie primary vertex, and no clean-up of non-associated
hits has been performed.
Preliminary results from part of the 1994 P b run are shown in fig. 3. Signals corresponding to A,K and I<' are clearly seen, and tlie resolution of tlie silicon telescope
is good. During 1995 we have recorded 200 inillion p-Pb events aiicl will take Pb-Pb
data during November ancl December.
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WA97 set-up

in the Omega magnet

Fig. 1. Perspective view of WA97.

- 116 -

WA97 33.3TeV Pb+Pb

Fig. 2. A Pb-Pb event with 40 reconstructed tracks as seen by the 4 pixel planes. The
magnetic field is off.
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* WA97/1994 Pb-Pb data (test producfion)*
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ANGULAR AND POLARlZATION CORRELATION COEFFlCIENTS
IN NEUTRON DECAY
Proposal FD2S6
ILL, Sussex, Glasgow, Rutherford Appleton Laboratory
Nuclear beta-decay is governed by two independent coupling constants; a vector coupling
constant GV and an axial coupling constant GA. Thc conventional notation for thc ratio o f
these constants is GA/Gv = A. The current experimental status o f these numbers is that the
absolute values o f both have been determined to better than 1% accuracy by combining data
~ the fi-values o f pure
on the neutron lifetime which provides a value for Gv2 + ~ G (l),A and
Fermi superallowed beta-decays which yield a value for IGvl (21. However to avoid
uncertainties due to nuclear structure effects it is preferable to derive values for the coupling
constants fiom data on neutron decay alone. To this end a number o f rathcr precisc
measurements o f the electron asymmetry coefficient in polarized neutron decay have recently
been carried out. This parameter determines both the sign and magnitude o f h.
Unfortunateiy there is a conflict in the experimental data (2.3) which it is the objective of
the present program to resolve. We proposed therefore to measure both the proton
spectrum:which provides a value for /A!:and the proton asymmetry coefficient in polarized
neutron decay, which, likc thc clcctron asymmctry cocfficicnt, dctcrmincs both thc sign and
magnitudc o f h. Thc proton asymmctry cocfficicnt has not prcviously bccn mcasurcd. Both
these measurements would be carried out using modified versions o f the 5 tesla Penning trap
apparatus used to determine the neutron lifetime (4).
In 1994 it was anticipated that the experiments to measure the proton asymmetry
coefficient could begin in May 1995 on the polarized neutron beam PFl at the ILL, Grenoble.
However, following the four year shut-down o f the reactor, a number o f unexpected technical
problcms arosc, as a result o f which all expcrimcnts on PFI wcrc re-scheduled. Our program
was allocated beam time in both the August-October cycle and in the November-December
cycle, and thc apparatus was thercforc movcd out to Grcnoble in July. In the event, duc to
continuing difficulties with the beam, the first three weeks o f the August cycle were not
availablc and, during thc sccond half o f the cycle, thcrc was only time to align the apparatus
with the beam and have a single day's run with the cooled cryomagnet. With the start of the
ncw cycle in Novembcr, although initially thc expcriment encountered somc scvcrc
background problems which took time to resolve, it has been established that polarized
neutron decays arc recorded at thc ratc o f about onc per sccond, which is in line with the ratc
predicted in the original proposal. The supermirror polarizer-analyser combination and
current shect spin-flippcr assembly have now bccn brought into full operation, and data
collection on the proton asymmetry coefficient has begun, although in rather higher
backgrounds than might have been anticipated.
The experiment has also been allocated beam time during the first half o f the JanuaryMarch cyclc in 1996 to make up for the time lost in August, and there is every reason to
expect that at least a preliminary measurement o f the proton asymmetry coefficient can be
.
completcd during this period.
[l] Review o f Particle Properties, Phys. Rev. D50 (1994) 1 173.
[2] D H Wilkinson, Z. Phys. A24S (1994) 129.
[3] K Schreckenbach et. al., Phys. Lett. B339 (I 995) 427.
[4] J Byrne et. al., Phys. Rev. Lett. 65 (1990) 259.
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J Bymc, On thc ncutron lifctimc and thc wcak coupling constants. Physica Scripta T59 (1995)
311.
J Byrne ct. al., A rcviscd valuc for thc neutron lifctimc mcasurcd using a Pcnning trap.
Europhysics Letters (1 995) (in press).
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CHARMED BARYON STUDIES IN THE CERN HYPERON
CERN WA89

BEAM
proposal 287

Bristol University - CERN Geneva - Genova University/INFN - ISN Grenoble
Max-Planck-Institut Heidelberg - Heidelberg University - Maim University
Lebedev Institute Moscow
WA89 uses the Omega spectrometer in the CERN West Hall, with a special hyperon beam. This
provides 105 C- and 2.5 x 105 n- per spill (2.5 s) at 330 GeV/c . The experimental layout is shown
in figure 1. The incident C- are selected on-line by 10 modules of transition radiation detectors.
The beam strikes targets of copper and diamond (and the silicon detectors). The vertex detector
consists of 29 planes of either 25 or 50 pm pitch. Since we are interested in charmed baryons,
we must recognise hyperons and also protons and neutrons in the final state. The decay region is
equipped with 40 planes of drift chambers and 32 planes of MWPC. This allows the identification
of the A + pn- decay. Protons, kaons and pions are recognised in the FUCH detector, after the
Omega spectrometer. Finally, there is a lead-glass calorimeter for no and 7 measurement and a
hadronic calorimeter for neutrons.
Almost 500 million events were accumulated in the 1993 and 1994 runs. Analysis of these is
continuing, to achieve maximum efficiency of charm reconstruction. During 1995 we published
results on the lifetime of the 0; seen in the n-ntn-n+
and S:-K-n+n+ final states. Figure 2
shows the histograms of vertex separation for background and signal band events for the first of
these; the combined result is

This is the shortest lifetime of all charmed hadrons observed to date.

Publication since October 1994:
M I Adamovich et al.,
Measurement of the 0; Lifetime
Physics Letters B 3 5 8 , 151 - 161 (1995)
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CENTRAL PRODUCTION O F MESONS USING THE CERN
OMEGA SPECTROMETER AND THE GAMS 4000
ELECTROMAGNETIC CALORIMETER
WA 102

Proposal 291

Aiiiiecy LAPP, Athens, Birniiiigham, CERN, Dubna .JINR, IISN Belgium, Los
Alainos LANL, Manchester, Protvino IHEP, Tsukuba KEK
The study of central niesoii production is motivated by the search for no11 q?
iiiesons. QCD predicts that whole spectra of non qij iiiesons of different types
(99, 999, q@J . . .) should exist [ l ] . Although several candidates exist, no definite
state has yet been identified. Central nieson production is considered to be a
promising mechanism for the production of these states. In particular, niesoii
states decaying to qs and q/s are of interest because glueball states are likely to
decay preferentially into states with the emission of these particles [2]. Available statistics are low, owing to the difficulty in identifying exclusive final states
involving these particles. The WAlO2 experiment [3]is a continuation of tlie program of study of central production of niesons initiated by WA76 and continued
by WA91. The aim of the WA102 experinimt has been to exploit the improvenients in tlie Oniega data acquisition system to obtain very high statistics data
saniples, suitable for detailed spin analyses of meson resonances.
Tlie first run of the experiment, performed in the suniiiier of 1995, was aimed
at collec,tiiig high statistics data with good acceptance for channels involving
neutral particles. In order to achieve this, the Oniega Spectrometer was run in
conjunctioii with tlie CAMS-4000 calorimeter. This coiiibiiiation conibines the
hest features of the WA7G/91 and NA12 programmes: high rate data-taking with
an effective central trigger and proven charged particle tracking, and excellent detection of states with multiple photons. As a result of tlle ability of the combined
detector to measure final states with both charged and neutral particles, several
thousand centrally produced r/r// events are expected, allowing the mass spectrum
for this final state to be investigated thoroughly. Tlie previous world total for
events in this channel was about 100.
The layout for the experiment is shown in figure 1. The direction of the
incident beam is measured using a system of 20p pitch silicon microstrips. The
beam is incident on a GO cin. Hz target. The trigger for central production
requires a “fast” proton and a “slow” proton. The “fast” proton must hit the
two downstream counters A1 and A2, and its direction after deflection in the
Oniega field is measured using eight planes of 25p pitch microstrips plus 1 nini
pitch MWPCs. The “slow” proton trigger requires a track to give hits in two
planes of scintillators (BOX and SPCL, SPCR, depending on direction) and in
two planes of MWPCs from the eight placed between the scintillators. At the

same time there should be no other activity in the box counter encircling the
target, i.e. only one track in the rapidity region corresponding to the slow proton.
Tracks at tnid-rapidity are measured using the Omega MWPCs, and tbe photons
using GAMS-4000, with the OLGA electromagnetic caloritneter for large-angle
photons. A hadron calorimeter beliind CAMS is used to veto hadron showers in
tlie C A M S calorimeter.
Some 200 million triggers were obtained in the 1995 run. Preliminary event
reconstruction has been perfortned for about 40% of the data sample so far. A
prelitiiitiary study of the reaction

PP - 3 4 n+ 7T - rrrr>Ps

(1)

with two ys constrained to form a a' shows that GAMS and Omega are both
working properly. The 7 ~ ~ n - n 'effective mass spectrum for events where the yy
effective mass is in the 17 band is shown in fig. 2a Peaks corresponding to q and w
production can be seen. Figure 2b shows the yy spectrum if the n+n-n' system
lies in the 17 band, after removal of the no peak. Again, a clear 7 peak is seen. The
clear peaks in tliese two spectra indicate that in tliese preliminary data GAMS
and Omega are already quite well matched. Finally, fig. 2c sliows the scatter plot
of M ( n+n-no) vs M ( y y ) for this reaction, where an accumulation corresponding
to 7777 events can be seen. Further tuning is in progress.
The second data taking period for WA102 takes place in 1996; the Omega
Spectrotneter will be closed at the end of 1996, making this the filial data taking
period for the experiment. In view of tlie topical interest in states with decays to
ka.ons, in particular tlie need to establish the spin of the 8/f~(1720)[4]we propose
to use the C1 Ceretikov counter with a CO2 filling downstream of the Omega
magnet, in order to have kaoti identification for charged tracks. The GAMS and
OLGA electromagnetic calorimeters woiild also be used, but set further back
froin the target. This layout has been chosen because it minimizes both the
ariiount of material in front of C A M S and the loss of geometrical acceptance for
the calorimeters.

References
[I] M. Chanowitz and S. Sharpe, Nucl. Phys. B222 (1983) 211.
[2] S.S. Gershteiti et al., Z. Phys. C 24 (1984) 305.

[ 3 ] WA102 proposal, J.P. Peigtieux et al., CERN/SPSLC 94-22 P281, August
1994.
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P295

BaBar

- Phvsics at the SLAC B factory

Bristol, Brunei, Edinburgh, Imperial College, Lancaster,
Liverpool, Manchester, Queen Mary and Westfield College,
Royal Holloway College, Rutherford Laboratory
The principal aim of the BaBar experiment is to make precision measurements of CP violation in
decays of the BO meson, specifically the unitarity triangle relations between the CKM matrix
elements via the angles a and p and the side Vub of the triangle. The standard model makes
predictions for these quantities from measurements of other CKM matrix elements and any new
physics will invalidate these predictions. Hence the experiment is a critical probe of the standard
model. Moreover CP violation appears to be an important element in understanding the baryon
asymmetry of the universe and the current lack of an explanation of the asymmetry through this
mechanism provides added incentive for these measurements.
The experiment will be performed at SLAC where the asymmetric collider PEP-II is being built.
In this machine 9 GeV electrons will collide with 3.1 GeV positrons leading to Y(4S)
production at a by of 0.56. The initial luminosity will be 3 x 1033 cm-2s-1 rising ultimately to
1034 cm-2s-1.The coherent BOBOpair produced in the decay of the Y(4S) are given a Lorentz
boost such that they travel a measurable distance before themselves decaying. CP violation
modifies the exponential decay distribution of the B decays by a factor which depends on the
difference of the proper times of the two B decays. Different decay modes of the B meson
measure different angles of the CP triangle. This feature, together with the small branching ratio
of any single decay mode, requires that as many different final states as possible are detected.
With 30 fb-' of data expected after three years of running BaBar will measure the angles a and
p with a precision better than 0.1. In addition to these CP violation measurements the high
luminosity and the asymmetry of the beam energies will allow other important physics studies
including rare B decays, charm and tau physics, and two-photon physics.
The proper time difference between the two B decays will be measured using a low-mass silicon
vertex detector consisting of five doubled sided cylindrical layers. The vertex resolution in the,z
direction is typically 50 pm for the most important B decay modes. Charged particle momenta
will be measured in a drift chamber o f 40 planes in a 1.5T magnetic field. Charged particles will
be identified using a ring-imaging Cerenkov detector in the barrel region and a threshold
detector in the forward endcap region. Muons and neutral hadrons will be identified using 21
planes of resistive plate chambers between the iron plates of the magnetic flux return.
The need to reconstruct CP eigenstates containing nos makes excellent electromagnetic
calorimetry essential to the experiment. In particular a high efficiency and excellent energy
resolution for photons with energy below 100 MeVk is required to allow reconstruction of final
states containing several #S. BaBar has chosen a highly segmented electromagnetic calorimeter
of 6780 Thallium-doped CsI crystals to satisfy these requirements. The design resolution is for
a stochastic term of 1% and a constant term of 1.2%. The BaBar-UK groups are responsible for
the front-end electronics, trigger and DAQ for the whole electromagnetic calorimeter and for the
design and construction of the calorimeter endcap. The calorimeter barrel is being built by
groups from Dresden and SLAC.
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The endcap calorimeter will be built in two C-shaped halves each containing ten modules with
45 crystals (see figure) arranged to have a projective geometry. The crystals will be 32 cm long
(17.5 radiation lengths) and approximately 5 x 5 cm in cross-section at the front and slightly
tapered. Each crystal will be held in a separate compartment o f a honeycomb structure. The
design of the mechanical structure is now essentially complete. Orders for the crystals are
expected to be placed by the end of 1995. During 1996 a prototype module will be built and
construction of the final calorimeter will begin in 1997.

In October 1995 a prototype consisting of 25 crystals was built and a very successful test was
carried out in a mixed pion and electron beam at PSI, Zurich by the UK, Dresden and SLAC
groups. The beam momentum covered the range 100 to 500 GeVlc with good separation of
electrons and pions at momenta centred around 100,215 and 405 GeVlc. The principal aims of
the test were to measure the energy and position resolutions of the detector and to determine the
effects of different amounts of material between individual crystals. Analysis of these data is
currently in progress. Meanwhile further laboratory tests to determine optimum wrapping
procedures and to understand the radiation tolerance of the crystals are continuing in the UK and
elsewhere.
An amplifier with two gain stages of unity and 32 is mounted on the rear of each crystal. A

custom IC receives the two analogue signals and provides two additional gain stages giving an
output which is sent to an ADC close to the crystal at one of four possible gains. Readout
modules in the counting house receive the data from the ADC, store them in a VRAM buffer for
later analysis and form trigger sums for the calorimeter trigger. The design of the electronics is
now essentially complete and a single channel demonstrator will be built in 1996.
Teams to write the event reconstruction program and the definitive simulation program began to
form in 1995 with UK participation. Both will be written using Object Oriented techniques with
C++ as the recommended language. UK physicists have continued studies of different physics
channels with particular emphasis on the Bo + J/y modes which were our contribution to the
physics chapter of the Technical Design Report.
During 1995 the project has made much progress at a political and financial level. The Technical
Design Report was submitted in March 1995 and has now been approved by US committees
responsible for considering the technical design and the costings. In the UK the PPESP has
recommended PPARC support for the UK groups at an initial level of 52.472M for capital items
with an additional sum of 5768k in 1997 if the financial circumstances at that time permit.
Financial approval has now been obtained in a majority of the participating countries. The
current schedule is for the detector to be completed by 3 1 December 1998 and for data-taking to
begin in spring 1999.
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A module of the forward endcap calorimeter.
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Proposal 710

The ALEPH ExDerirnent at LEP
Annecy; Barcelona; Bari; Beijing; CERN; Clermont-Ferrand; Copenhagen;
Demokritos; Ecole Polytechnique; Edinburgh; Florence; Florida; Frascati; Glasgow;
Heidelberg; Imperial College; Innsbruck; Lancaster; Maine; Marseilles; M P I Munich;
Orsay; Pisa; Royal Holloway and Bedford New College; Rutherford Appleton
Laboratory; Saclay; Santa Cruz; Sheffield; Siegen; Trieste; Wisconsin.

1

Introduction

This year L E P l running at the 2 resonance officially ended on October 5th. The
collider was operated at this energy in a new multi-bunch mode corresponding to 4
trains of 3 bunches each 277ns apart. After an initial period of running at the peak
of the resonance (91.2 GeV) t o establish stable conditions, the remaining time was
allocated to a three-point scan over the resonance with the principal aim of measuring
the 2 width with the best possible precision (N 2 MeV). Altogether, ALEPH recorded
35.7 nb-' before and during the scan which is 92% of the integrated luminosity delivered
by LEP: the best achieved of any year to date. Due t o the new mode of running and
the scan, the accumulated 2 statistics were significantly less than 1994. However, the
total number of off-line hadronic 2 decays from all data collected since 1989 is now
expected to be about 4.5 million.
Then, after a short shutdown to install more superconducting cavities L E P declared
stable colliding beams for physics at a CM energy of 130 GeV on October 31st. Dubbed
LEP1.5, this event heralded the start of the L E P 2 programme and the excitement
of a new energy frontier for e+e- physics was quite evident in the control rooms!
Subsequently, the energy was raised further to 136 GeV and by the end of running for
1995 ALEPH had collected 6.2 nb-' at the higher energies with an efficiency of 97.9%!
This was due to the superbly low backgrounds in the L E P machine as well as the
excellent functioning of the detector. All the precautions made to cope with unforeseen
high backgrounds were not required even when the machine achieved luminosities of
2.6 x 1031cm-2sec-1.
During the above short shutdown, ALEPH removed its old Silicon micro-vertex
detector and installed a completely new one with a more uniform thickness in 4, improved angular coverage in 0 , and radiation hard electronics. I t was intended as a trial
run since a quarter of the detector modules (from Italy) were still not available for
installation. Working for the first time in this area, UK groups played a major r6le in
the provision of this detector. T h e trial turned out t o b e extremely successful and the
missing parts will be added next year before running starts in June 1996.
Over the past year the other long-standing apparatus commitments of the UK
groups have been maintained: namely to the inner tracking chamber (ITC), the electromagnetic calorimeter endcaps (ECAL), the second level trigger, parts of the T P C
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laser system and to which will now be added the front-end electronics of the new vertex detector. The main DAQ-VAX computers have been replaced by a VAX-ALPHA
cluster which involved significant UK effort. Overall, this is a large and contiquing responsibility, carried out increasingly by heavy commuting rather than LTA. Also, the
UK groups continue t o play a very substantial rile in the running of the experiment
especially run co-ordination, apparatus co-ordination and shifts. More complete details
of these activities are given in the following sections.
Since the last report, ALEPH has published a further 19 papers and contributed
several written papers to International Conferences in Brussels and Beijing based on
physics analyses of LEPl data. Also, five UK physicists have given presentations at
International Conferences. This report will focus on analyses completed and in progress
since the major report presented to the UK PPESP in April.

2
2.1

Experimental Commitments
New Vertex Detector (Glasgow, Imperial,
Holloway)

RAL, Royal

The basic building block of the new detector is a “module” consisting of three doublesided silicon wafers glued end-to-end. The total area is approximately 5 x 2 0 n 2 . The
strips running along the length (4) are wire-bonded together to form individual readout
elements on one side of the detector whereas the transverse strips (z) are connected
via fine tracks on a “kapton” film to the readout electronics similarly mounted on
the other. There are 1021 longitudinal strips and 960 pairs of transverse strips read
out by 128 channel MX7-RH amplifier multiplexer chips mounted on identical hybrid
assemblies. These are glued t o each side of a ceramic support which in turn are also
glued to the silicon. Altogether 1600 chips were selected and tested at R A L of which
approximately 900 were found satisfactory after mounting on the hybrids. Some 7000
bonds per module were necessary to connect the strips to the hybrids. To date, 26 of
the 48 modules required t o build the detector have been assembled and wire-bonded by
automatic machines at RAL, and 4 remain to complete our recently agreed contribution
to the fabrication. Italian groups are responsible for the remainder. Tooling for these
operations was designed and produced at Imperial for all the groups.
Following the design of the hybrid printed circuit in the Glasgow group, the first production batch was made in the microfabrication laboratory at CERN using a Dupontphotosensitive technique. G E C , Lincoln had been unable to achieve the fine-line resolution necessary and significant delays had been incurred. However, they have now
succeeded in making 50 units using a comparable technique and these are being used to
complete the production. R A L have surface mounted and wire-bonded all components
on to these hybrid PCs.
Twenty-four of the modules have been tested and mapped at Imperial College.
Following basic signal-to-noise measurements performed with a radio-active source.
Systematic functionality checks of all channels were made by scanning a finely focussed
light spot across the detectors. T h e average number of defective channels was found to
be below 1% after curing “pin-hole” problems due largely to “shorts” in the capacitor
chips coupling the detector strips to the electronics. Glasgow have so far tested 2
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modules in a similar facility.
The online software for the new V D E T was completed by an RAL physicist early in
the year and incorporated very successfully into the ALEPH data acquisition system
whilst the old VDET was in operation. In addition, this software was used extensively
to test the detector elements before final installation. This effort was rewarded by B
very smooth first operation at 130 GeV inside ALEPH. The VDET data were soon
incorporated into the full data-stream and off-line analysis of tracks from real 2 events
has enabled a satisfactory local alignment of the detector faces to be achieved. Figure
1 shows an early event with hits recorded as expected from all tracks reconstructed
by the I T C and TPC. Contrary t o expectation, the new detector is already providing
invaluable input into the physics being derived from the first high energy run.

Figure 1: Reconstructed tracks using V D E T hits.

2.2

TPC Laser System (Glasgow)

The T P C laser calibration system is used routinely to monitor the electron drift velocity
in the T P C gas, and to determine the track distortions caused by inhomogeneities in the
T P C electric field and the solenoid’s magnetic field. T h e Glasgow group are responsible
for maintaining the laser, and parts of the beam transport, as well as analysing most of
the calibration data. This year Glasgow students have played a major r d e in perfecting
the regular operation of a laser trigger during normal data taking. Figure 2 shows a
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Laser Calibration event recorded during the 130 GeV run. It has been shown that
precise monitoring and tuning of T P C parameters can continue despite the paucity of
multi-track events at LEP2. This means that valuable time at high energy will not be
compromised by the need to run often at the 2 for calibration purposes.

Figure 2: T P C laser calibration event.

2.3

Inner Tracking Chamber (Imperial College)

The Inner Tracking Chamber has continued to perform excellently during 1995. At
LEP2 the ITC trigger may be even more vital than at L E P l as the backgrounds in the
calorimeters at the highest energies are still unknown. Plans for operating the chamber
with only the outer layers on at the start-0f-m were set up as well as reducing maximum
current limits in the chamber. So far, the LEP background has been very satisfactory
and no problems have arisen requiring any permanent change in conditions.
Preparations are well in hand for the insertion of the mask and shield during the
coming winter shutdown. A n IC engineer is currently based at CERN leading the
removal operations of the I T C which will then be used to support these devices symmetrically round the beam pipe. ,

2.4

2nd Level Trigger (Royal Holloway)

The second level trigger has continued to perform with high reliability during 1995.
Before the 130 GeV run, a special study was made of the effect of reducing the T P C
gas gain on Level 2 track finding efficiency. This might be necessary if backgrounds are
very high. A new set of threshold conditions for the Level 2 electronics were established
and are ready for implementation if required.

2.5

ECAL endcaps (Glasgow, RAL)

T h e marked improvement in performance and reliability in 1994 has continued this
year fully justifying the replacement of the front-end electronics by monolithic chips.
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However, coherent noise effects are still a problem occasionally, and are very difficult to
trace since they disappear when the detector is opened for maintenance. Recently, new
diagnostic cards have been added to aid in the search for the origin of these transients.

2.6

.

New Small-Angle Luminosity Monitor (RAL, Lancaster)

An upgrade of the ALEPH Bhabha calorimeter (BCAL) has been proposed. The BCAL
consists of four small calorimeter modules positioned f7.7m from the interaction point
at the centre of ALEPH, and monitors the rate .of low-angle Bhabha scattering to
provide an online measurement of the luminosity. With the upgraded detector, the
accuracy of luminosity monitoring will be improved and it will also be possible to use
BCAL signals as possible low angle tags of 77 events.
The new BCAL will have a larger volume, and therefore increased acceptance. With
double the number of sampling layers and a layer of finely-segmented silicon pads, it
will also have improved energy and position resolution. Whereas previously the BCAL
has always operated independently of the main ALEPH detector, a new readout and
DAQ system for the BCAL will allow its signals to be incorporated in the ALEPH data
stream and associated with ALEPH-accepted events. Hence it will be possible to use
BCAL information in 77 events to identify very low angle lepton tags - these correspond
to low virtuality of the emitted photon and this kinematic region is currently of great
theoretical interest.
The BCAL upgrade is the responsibility of the Barcelona group in ALEPH, but
the detector design and readout scheme have been devised with input from RAL and
Lancaster physicists to optimise the detector for 77 physics.

3

Physics Analyses

The analyses of LEPl data continue to be organised in 5 areas: namely electroweak
physics (couplings of the Z ) , r physics (decays and polarisation), QCD including yy
interactions, Searches and Heavy Quark physics. The latter topic has been subdivided
into (i) properties of the b hadrons and (ii) the electroweak couplings of b quarks to
the 2. One senior' UK physicist still coordinates the remaining Searches studies and
another is a member of the Editorial Board which oversees the publication of all papers.
Work in progress is described below where there has been significant UK involvement
in the last months since the PPESP review.
For several months preparations have been made for the analysis of the events
expected at 140 GeV. UK physicists have been involved in this work especially in
QCD, Electroweak and Searches.

3.1

Heavy Flavour physics

Measurement of Rb = 2 + b&)/r(
Z -+ hadrons) remains one of the most challenging, but potentially most rewarding results which can be extracted at LEP1. A strong
team from Imperial is still very active in trying to push the accuracy on this quantity
significantly below the 1% level to exploit the current 3.8a discrepancy reported with
the Standard Model prediction at the summer conferences. One of the most important

r(
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methods of identifying b& decays relies on “impact parameter tagging” and a student
at Imperial has succeeded after much painstaking work in sorting out problems in the
simulation of the vertex detector performance on a year-by-year basis. After reprocessing all the data affected, it is hoped to improve on the result reported at Beijing which
was:
Rb = 0.2187 f0.0022(stat) f 0.0025
The alternative heavy flavour tag is a high pt lepton. An Imperial R A has now
completed the measurement of the branching ratios for b + lepton and b -+ c -+ lepton
so reducing the systematic uncertainty in the Rb determination.
An equally important heavy flavour electroweak quantity is the forward-backward
asymmetry in 2 -+ b& decays which is likely to remain as the most sensitive LEP
determination of sin2Bw and hence the Higgs mass. Using both “lifetime tagging” and
hemisphere charge algorithms to construct the b quark charge and direction a Glasgow/Lancaster team lead a major part of this effort aimed at reducing the systematics
in the “tagging” efficiency when all ’92 to ’94 data are combined. Currently when
the independently measured lepton analysis is combined with the “lifetime” result, the
ALEPH value for AkB is 0.0953 f 0.0080 at the 2 peak.
A member of the Imperial group has also produced a new measurement of the
mean b hadron lifetime using the 3-d impact parameter of high pt leptons coming from
semileptonic b decays. The data sample is 1.5 million hadronic 2 s collected from 19911993 with the full power of the ALEPH vertex detector operational and the benefits
of the excellent lepton identification of ECAL over the full solid angle. Figure 3 shows
the impact parameter distribution obtained. The value of 1.533 f 0.013 f 0.022 psec,
which was presented at the 1995 summer conferences, has been sent for publication.
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Figure 3: Impact parameter distribution.

- 135 -

Imperial group members have been investigating the degree t o which it is possible to
establish the proportion of b quarks produced in 2 decay resulting from B**resonances
and, in particular, which of the four predicted states are formed. Along with the other
experiments ALEPH has shown direct evidence for B**production by looking at the
inclusive spectrum of the soft pion from the B** decay. However, it is very difficult
with this measurement to separate the components of the signal. The only realistic
way to do this is t o exclusively reconstruct the B** + B7r system and this in turn
demands a substantial clean sample of fully reconstructed B states. ALEPH presented
a paper to the Brussels conference from an analysis of 186 fully reconstructed charged
B’s and 198 neutral B’s including a background of 18 f 5%. After selecting rightsign tracks which could only have originated from the decay of a resonance, a narrow
structure is observed above background with a mass of 5703 f14MeV/c2 and a narrow
width (Figure 4). There is also a hint of a broader structure at lower mass. The total
production fraction is estimated to be 30 f 8%.. It has also been shown that a B-tag
based o n a 7rf with the highest longitudinal momentum relative to the B direction is
efficient and may supplement the armoury of tags used in C P violation and mixing
studies in the future.
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Figure 4: The right-sign B7r mass distribution.

3.2

Other Electro-weak physics

The propagation of initial quark charges to their final state particles has been long
studied in ALEPH with the active involvement o f the Glasgow group. Momentum
weighted charge estimators are used to determine the charge of the outgoing primary
quarks and hence enable the mean forward-backward asymmetry of all quark-antiquark
states from the 2 to be determined. This provides a sensitive measurement of the
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electroweak mixing angle. Differences between the individual light quark charge values
have been determined using hadronisation models, constrained by better measurements
of inclusive identified particle production. A final draft paper is now almost ready
including data off-resonance collected up t o the end of 1993 with the result:

sin2Ow= 0.2323 f 0.0010 f 0.0010
which is the most accurate at L E P from this kind of analysis.
The RAL group have continued to analyse the single photon counting process where
the only observed particle in an event is a solitary photon with at least 1.5 GeV energy.
In the Standard model this photon is emitted from the incoming electrons and tags the
s-channel 2 and the t-channel W exchange processes to neutrino pairs. All data up to
the end of 1994 have been analysed to yield 1335 candidate events. With the addition
of the SiCAL luminosity calorimeter in 1993, the background from other processes is
now very low. Accepting the Standard Model values for the,W.Z interference cross
section through the resonance region, the number of light neutrino families by this
direct method is found to be:

N, = 2.97 f 0.09 f 0.11
in excellent agreement with the well known more precise result of the indirect method.
However, the variation of the measured cross section through the resonance region (see
Figure 5) deviates in shape from the Standard Model prediction for three neutrino
families as described by the current Monte Carlo generators. Further studies are in
progress to understand this phenomenon as well as the new results at 130 GeV.
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In ALEPH, an upper limit on the r neutrino mass is determined from the distribution in reconstructed energy and invariant mass of the observed hadrons from selected 5
prong decays which are close to the allowed phase space boundaries. A Royal Holloway
RA has been involved in this work for some years and has now added the 1994 data to
earlier samples of 57r(7r0) candidates to give 38 r + 5nu, and 37r7r0u, events altogether.
Figure 6 shows the 1994 selected events in the Ehad/Ebearn
versus M h a d plane. Only
the event appearing between the m, = 31MeV/c2 and m, = OMeV/c2 lines makes a
significant contribution to improving the upper limit on the U, mass which i s now 23.1
MeV/c2 at 95% confidence level.
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Figure 6: Current limit on tau neutrino mass.

3.3

QCD topics

UK institutes have continued to play an important r6le in QCD analyses in
ALEPH. Several analyses involving or performed solely by UK physicists have now
been finalised: results were presented at the Brussels Conference and now await formal
publication.
The study of quark and gluon jet properties by Imperial and Edinburgh physicists
compared jets produced with almost equal energy(- 24GeV) in symmetric three-jet
events - such an environment allows the direct comparison of the jets without the

The
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model dependence suffered by previous analyses. Two b jet identification techniques
(impact parameter lifetime tag and a lepton tag) were used to identify quark jets and
hence anti-tag gluon jets, and significant differences between quark and gluon jets were
observed: as expected by QCD, gluon jets were found to have a higher multiplicity then
quark jets, to have a softer fragmentation function and to be less collimated around the
jet axis. In particular the analysis of a b jet sample showed that the above differences
are markedly reduced if gluon j e t properties are compared to the corresponding b jet
properties, implying that, for the current energy scale, the non-leading fragmentation
of the heavy flavour quark dominates the development of the jet profile.
The Glasgow and R A L groups have made the first measurement of the quark-tophoton fragmentation function carried out at LEP. Hard photons, radiated from the
final state quarks in 2 decays, are separated statistically from non-prompt hadronic
backgrounds to produce a photon fragmentation function ( D ( t ) ) , where t is the fractional energy of the photon within its own hadron jet. It is then shown that the
measured D(x) function , limited to x 2 0.7 by background; can be described by a
factorisation scale independent QCD leading order prescription (Glover and Morgan)
with non-perturbative contributions in which the only free parameter is a cut-off mass
scale po. After fitting this prescription to the data, po was found to be 0.14f::ii GeV
which might be interpreted as the effective mass of the radiating quark. The isolated
photon component of the fragmentation function is now described adequately without
the need to invoke next-to-leading order corrections.
The mechanism by which baryons are created in e+e- annihilations into hadrons is
poorly understood. Single particle spectra are reproduced by many phenomenological
models and provide little discriminating power, but considering two particle correlations should provide a clearer insight into baryon production. A Glasgow RA has
studied correlations between protons and antiprotons in rapidity, azimuth and cod*,
where 6’ is the angle between proton and sphericity axis in the proton-antiproton rest
frame. A strong local compensation of baryon number is observed: given a tagging proton, 70% of the excess of additional antiprotons over additional protons is found within
one unit of rapidity from the proton. No evidence for an anticorrelation in azimuth is
seen, while a prominent peak at IcosO*l = 1 is observed, in contrast to the expectation
for an isotropic cluster decay mechanism, such as implemented in the HERWIG Monte
Carlo program.
Further studies of correlations in hadronic events have been performed by a senior
Imperial physicist: a significant, positive, transverse momentum correlation, hitherto
unreported, has been observed between the two sides of hadron events. This correlation cannot be explained by energy-momentum conservation, flavour conservation,
the imposition of an event a x i s or imperfect event reconstruction. However a similar
type of correlation is found in reconstructed events generated by the JETSET Monte
Carlo program, although the magnitude is only
2/3 of that seen in the ALEPH
data. In JETSET the correlation forms non-perturbatively after the parton shower, as
the coloured partons separate and hadronise via the Lund “string” mechanism. A
correlation is also seen in events generated by ARIADNE,but this forms perturbatively,
early in the parton shower: the correlation predicted by ARIADNE is
30% above the
measured value. A technique in which the correlation is examined as a function of a
jet-clustering parameter m, = ,/was introduced and was shown to give some d i s crimination between a string-induced correlation and one at the harder, parton level:

-

-
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although correlations introduced in the parton cascade are closest to describing the
data, the need for some additional string-like component is indicated.
A Sheffield student has recently concluded an analysis of w production in hadronic
2 decays. The w is detected via its three pion decay mode w --+ ?r+?r-?ro and was
observed to have a total rate of 1.07 f 0.14 per event. The rate of w production is
expected t o be almost the same as for the po since the two have essentially the same
flavour content, the same spin and nearly the same mass, only differing in isospin. The
ratio of the measured production rate of the po to that of the w is 1.36 f 0.27. This
agrees within errors with the value of 1.07 from JETSET 7.3,which does not distinguish
isospin states. Therefore no evidence for isospin dependence is seen.
During the year, a Glasgow R A was one of the convenors of the L E P 2 QCD Event
Generators workshop and also worked on the standardisation of the particle codes and
decay tables used by the major Monte Carlo programs. In addition, a R A L physicist
provided a summary of the current understanding of prompt photon production in
hadronic events at L E P as provided by the principle event generators.
The QCD group have been quick t o analyse the 6pb-1 of data at fi = 130-140GeV
collected in the last few weeks of LEP's 1995 running period. Initial studies of this data,
for example the measurement of the mean charged particle multiplicity (see Figure 7)
indicate consistency with the predictions of QCD.
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Figure 7: Charged particle multiplicity as a function of centre-of-mass energy.

3.4

yy Physics

Interest has grown significantly in this field in the past year, particularly because of
the great potential for 77 physics at LEP2. Members of the Lancaster, RAL and
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Sheffield groups have formed an ALEPH 77 working group, membership of which is
now expanding to include other groups from the UK and abroad.
Analysis of L E P l data continues: measurements of the real photon structure function, 3’; at both high and intermediate Q2 are in progress; high-pl jet production and
the optimisation of jet-finding algorithms for 77 interactions are being studied; and the
azimuthal asymmetry seen in the process e+e- + e+e-p+p- is also being analysed.
Much of the group’s effort in the past year has been dedicated to preparations
for LEP2, within the framework of the LEP2 Workshop held at CERN from January
to November 1995. The cross section for 77 collisions dominates all other processes
at LEP2, and so interest in 77 physics springs not only from the increased statistics
for photon studies but also from the need to understand the 77 background to other
physics studies such as supersymmetric particle searches. UK physicists have been
active participants in the 77 subgroup of the workshop, particularly in the areas of
heavy flavour production and structure function measurements.
Heavy flavour production is useful for the study of the anomalous behaviour of
the photon since the soft VDM component does not significantly contribute as the
heavy quark mass sets a hard scale for the interaction. At LEP2 the total charm
production cross section in 77 interactions is 870pb, compared with 468pb at the 2.
In the first published D* paper ALEPH observed 33 events from 70pb-l. Assuming
similar acceptance at LEP2 implies the observation of approximately 400 events. It .
is intended to apply other methods for charm tagging, namely soft pion analysis and
electron tagging. Preliminary studies of vertex tagging methods at L E P l suggest this
is not helpful but this deserves further study using the upgraded vertex detector and
tracking software in the different kinematic regime. Given the higher statistics the aim
would be to extract the single resolved gluonic structure of the probed photon.
The increased energy and luminosity of LEP2 will allow a measurement of the real
photon structure function F; to be made at low x (< 10-2) - a new kinematic region
where photon structure is poorly understood. However, measurements at such low x are
experimentally difficult. To measure x (the fraction of the target photon’s momentum
involved in the scattering process) in an event tagged by just one of the beam leptons
requires the reconstruction of the final state invariant mass from hadrons observed in
the detector. 77 events are typically boosted in the very forward direction and much of
the final state is lost in the beam pipe, but unfolding techniques can be used t o recover
some information and reconstruct the true x distribution for the sample of events.
At LEP2 energies, the forward boost i s more severe and much work has been done
to improve the reconstruction of the final state mass, particularly by improving our
understanding of the hadronic response of ALEPH’s low angle luminosity calorimeters
(LCAL, SiCAL).
A completely new measurement at LEP2 w i l l be that of the virtual photon structure
function, F,7* - here both beam leptons must be tagged to measure the virtuality of
the probe and target photons, and this will be possible with the increased rate and
acceptance for these events envisaged at LEP2: the planned upgrade of the low angle
bhabha calorimeter (BCAL) will make this small detector capable of lepton tagging for
77 events, measuring photon virtuality in the range 0.1-0.8GeV2. There is theoretical
interest in measuring F;* at intermediate Q2 and low P2 (where Q2 is the virtuality of
the probe photon and P2 is the virtuality of the target), to understand the evolution
800 events suitable for this
of the structure function as P2 increases. AT LEP2,

-
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analysis are expected: these will be double-tagged events where one tag is in either
the main luminometers (SiCAL or LCAL) or the electromagnetic calorimeter (ECAL)
endcap (ie. > 34mrad) and the other tag is identified in B C A L (< l0mrad).
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Figure 8: The evolution of the photon structure function with P2.
Figure 8 shows the photon structure function predicted by the Schuler-Sjostrand
parametrisation (set 1D)for < P 2 >= 0 (the real photon structure function) and nonzero < P2 > (the virtual photon structure function). The error bars show the predicted
statistical error on each point. So it is expected that, for the LEP2 data sample, the
virtual photon structure function, FZ* can be measured in perhaps two Q2 and P2bins
and the evolution away from real photon structure will be clearly seen.

3.5

Searches

The Royal Holloway group have continued their long standing search for excited quarks
and leptons by radiative decays, and the radiative decay of the 2 to a scalar particle,
S, which would occur if both particles consisted of the same preonic constituents.
These results have now been updated using 1.8 x 106 hadronic 2 s from 1990 to 1993
data for inclusion in a comprehensive paper on compositeness searches in ALEPH.
The group is also working on improved limits for the possible rare decays 2 + ygg,
2 + U N where N is a heavy neutrino above the W mass which mixes with one or
more light neutrinos. In addition, a Royal Holloway student has completed a search
for an anomalous magnetic moment of the 7 and also possible deviations in pp7(7)
cross sections from the Standard Model.
In another search for compositeness in leptons, the Sheffield group have continued
77 with all the statistics available up to the end
their study of the reaction e+eof 1993. This process is expected to be pure QED with negligible weak corrections
even at the 2 mass. If the electron is composite, then there would be a form factor
correction to the QED predicted cross section of the form:

-

F ( q 2 )= 1 f q4/ln:
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where the As are the so-called QED cut-off parameters which set the limits of the
theory. Using 1552 good events, a fit is made to the polar angular distribution from
which limits at 95% confidence level are set on the minimum values of A+ and Aseparately of about 145 GeV. A comprehensive review of these and other searches
limits from L E P l has been compiled by an Royal Holloway physicist.
At the LEP2 workshop, a Royal Holloway physicist led the study on the detection
strategies for non-SUSY particles. He reported on the topologies and expected cross
sections for the pair production of sequential heavy leptons, excited leptons, leptoquarks and other exotics.
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“D’ production in 77”
“ q - g jets”
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THE OPAL EXPERIMENT AT LEP

PROPOSAL 720

Aachen; Alberta; Birmingham; Bologna; Bonn; Bmnel; Budapest; California (Riverside);
Cambridge; Carleton; CERN; Chicago; CRPP Canada; Debrecen; Duke; Freiburg;
Hamburg/DESY; Heidelberg; Indiana; Manchester; Maryland; Montreal; Oregon;
Queen Mary and Westfield College, London; Rutherford Appleton Laboratory; Saclay;
Technion; Tel Aviv; Tokyo; University College, London; Vancouver (UBC); Victoria;
Weizmann Institute.

INTRODUCTION
The LEP machine has operated very successfully during 1995, in spite of a series of changes.
Early in the year, bunch train running, with 4 trains of up to 4 bunchlets spaced by 250 ns,
was fully commissioned, allowing record luminosities to be delivered to the experiments.
This bodes well for LEP2 in future years. During May, June and July, LEP ran at the Zo
peak, and in August and September a final precision scan, with data recorded at energies
2 GeV above and below the Z0 peak, was performed. Over 70% of the off-peak fills had
their beam energy accurately calibrated by resonant depolarisation. A total luminosity of
40 pb-1, split equally between on-peak and off-peak, was delivered to each of the
experiments, thereby doubling the total amount of off-peak data. The analysis of these
data, now under way, will result in a significant improvement in our knowledge of the Zo
parameters, particularly the total width.
To give an example of the precision of the beam measurements: not only is the beam energy
in LEP sensitive to the tides and to the level of the water in Lac Leman (from distortions of
the LEP ring), but the measurements are able to detect that, between 0O:OO and 05:30 each

day, trains stop running on the local railway lines half a mile away.

During the October technical stop, additional superconducting RF cavities were installed
and commissioned in LEP. For the last month's running in 1995, the beam energy has
substantially increased, from 45 GeV to 65-70GeV, en route for 80GeV next summer
(LEP2). Background conditions in the machine are spectacularly good. At these high
energies many events radiatively return to the 8 peak by emitting a photon. Figure 1 shows
an example of a distinctive subset of such events, a 4-fermion event, where a virtual
radiative photon has materialised as a quark and antiquark (forming one combined jet) and
the Z0 has decayed to a p+p- pair. LEP has now achieved its goal of delivering 5 pb-l to the
experiments before the end of 1995, which will be sufficient to allow initial physics
measurements to be made at these energies.
OPAL has made full use of the excellent accelerator performance this year. By the end of
September, 850k Z0 events had been recorded in 1995, bringing OPAL'S total at LEPl to
5.2 M Zo events on disk. The challenge now is to complete the full analysis of this dataset
over the next 12-18 months. OPAL was also delighted to be the first experiment to see
collisions at 65 GeV per beam, on the evening of 31 October. By 20 November over 1400
multihadronic events had been recorded at high energies. The distinctive topologies of the
high energy data are forcing the physicists to think afresh about their event selection criteria
- an excellent preparation for the future.
DETECTOR OPERATION
Barrel Muon Detector
The Barrel muon chambers, for which Manchester is responsible, have run consistently,
reliably, and efficiently throughout the OPAL datataking periods. Virtually all the
chambers are working well, and the designed Clayet redundancy takes care of the handful
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that are not. The hardware has also been kept running smoothly and efficiently, which
requires continual monitoring of the HV and gas systems and readout diagnostics. A crucial
task for the succeeding years is to ensure that this record of reliability and high performance
continues.

A substantial upgrade of the online monitoring and calibration software is currently

underway. Following the decision of OPAL no longer to support Vaxes in the online
system, the software is being transferred to an HP environment.
End Cap Muon Detector
The Endcap Muon Detector, which is the responsibility of the University of Birmingham, has
been in operation now for seven years, with no measurable deterioration in performance.
Over this period the LEP machine has moved from 4 on 4 to 8 on 8 bunch mode operation,
then to 4 on 4 bunch-trains and very recently to high energy running at 130 GeV. Throughout
these changes the readout and triggering has continued to function well, and increased
processing power has reduced the deadtime. In the 1994/1995 shutdown the VME HV
control crate had a new processor installed and this has enhanced its performance. During
physics running the detector performance is monitored daily from the Birmingham office at
the main CERN site.
Vertex Drift Chamber & Track Trigger
The precision Vertex Drift Chamber and the Track Trigger, both responsibilities in the UK of
the Cambridge, QMW and RAL (Electronics) groups, have continued to operate with good
efficiency under both LEPl and LEPl.5 conditions.
The chamber provides (r-$) coordinates with a precision around 50 pm, as well as z coordinates with b ( ~around
)
700 pm from stereo wires.
End Cap Electromagnetic Calorimeter
The end cap electromagnetic calorimeter, consisting of 2264 instrumented lead glass blocks,
is the responsibility of RAL together with Cambridge and QMW. The calorimeter is a
crucial component of OPAL, both at the trigger and reconstruction level. It has continued to
perform extremely reliably throughout the 1995 run. No change to the trigger or
reconstruction thresholds have been needed to cope with the high energy running in
November 1995.
The main challenge for the calorimeter in 1995 has been to cope with bunch train running of
LEP, ie operation with 4 trains of up to 4 bunchlets spaced by 250 ns. To achieve good
noise performance, the preamplifiers of the calorimeter have shaping times which are long
compared to the ADC gate width. Thus the calorimeter response changes as the time of the
signal is varied relative to the gate and hence depends on which bunchlet in a train gives rise
to an event. For most physics events, the bunchlet causing the event can be tagged from the
timeof-flight system or the tracking chambers before full offline reconstruction, allowing the
calorimeter response to be corrected. Using the LED and LASER monitoring data, the
necessary channel-by-channel correction factors were available well before the start of the
1995 LEP data-taking.

Forward Detector and End Cap Time of Flight System
The Forward Detector, components of which are the responsibility of the UCL and Brunel
groups, has continued to run as a tagger for two photon physics and to contribute to the
selection of hadronic events. Furthermore, with the start of high energy running in LEP, it is
being used once more as the main OPAL luminometer. The Forward Proportional Tube
Chambers are vital for both the photon tagging and the luminosity measurement, since they
provide the precise radius of impact of electromagnetic showers in the Forward Calorimeter.

-146-

During the past year essential maintenance has been camed out on the Proportional Tubes
and work has started on upgrading the readout electronics. In the 94/95 shutdown, the
UCL/Brunel team unpacked one of the calorimeter segments to access the associated
Proportional Tube module and repair a high voltage contact. In the forthcoming shutdown a
new 14 bit ADC readout system, developed at UCL and based on a system used elsewhere
in OPAL, will be installed.
UCL is also playing an important part in preparing the fibre-optic and wavelength shifter
readout for the new Time of Flight Endcap system of OPAL, the TE, which is needed to
help identify bunchlets in the LEP2 bunch trains. UCL designers are responsible for the
routing of the fibres to the photomultipliers and the UCL/Brunel team will undertake a
major part ,of the installation during the 1995/6 shutdown.
UPGRADE PROJECTS
The Silicon Microvertex Detector
The silicon microvertex detector project is moving to its third phase with a leading
contribution continuing to come from the UK collaboration of Birmingham, Cambridge,
QMW and RAL. This final upgrade is designed to maximise the B-tagging efficiency within
OPAL, in readiness for Higgs boson searches during the period of LEP2 running that'will
begin in 1996.
The new detector has improved azimuthal coverage and increased length to provide a
greater angular acceptance for charged particle tracking. All existing ladder modules are reused in the revised geometrical configuration and are joined end to end with newly
constructed ladders of similar design. All ladders are made with single-sided FoxFET
biased microstrip wafers, 250 pm thick, in an orthogonal back-to-back configuration to
provide both (r-@ and z co-ordinates, with precisions of between 5 and 10 pm.
The construction of the new ladders required for the upgrade, together with all necessary
spares, has been led by the UK and is now very near completion. Installation of this final
detector will take place next Easter, ready for the first LEP2 running. The new tilted
azimuthal geometry and half the new ladders were in fact already included in the detector
installed for the 1995 data taking, together with all the power supplies and readout
electronics necessary for the complete system. Alignment techniques have therefore now
been established for this geometry, and valuable experience has been gained in running for
the first time the radiation hard MX7 amplifier chips used on the new ladders.
Cambridge and QMW physicists continue to have responsibilitiesin the daily monitoring of
device data, DAQ software, off-line reconstruction of data, and Monte Carlo simulation.
They have also camed out all the software alignment for silicon data from the 1995 running
and from previous years, and have continued to be very productive in the physics analyses
that are dependent on data from the detector in the areas of b- and c-quark and 2-lepton
studies.

PHYSICS ANALYSIS
The OPAL collaboration has submitted 31 letters and papers for publication during the last
year, many of which already include analysis of the data collected in 1994. Significant
improvements in precision have been obtained in electroweak and 2 physics, and
qualitatively new analyses .have been developed in the heavy quark, QCD and 'yy areas.
Preparations for analysis of LEE? data, as well as of that collected in the intermediate
energy run at the end of 1995, are also proceeding apace. The UK groups continue to play a
central part in all of these fields, as summarised below.
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Precision Electroweak Physics

The OPAL results for the Zo lineshape and leptonic forward-backward asymmetries,
including 1994 data, were presented at the spring and summer conferences during 1995.
The results are based on a total of 412 000 leptonic and 3 357 000 hadronic Zo decays.
Significant improvements in the accuracy of measurements of MZ(91.1846 f 0.0035 GeV)
and Tz (2.4959 f 0.0053 GeV) are obtained. The lineshape and lepton pair forwardbackward asymmetries are consistent with the predictions of the Standard Model and
GeV, consistent with the
= l58+8
within this model yield the constraints
measured value from CDF and DO, and a$&=
0.132 f 0.006 f 0.002. The precision of
tests of the lepton universality of the neutral current coupling is also improved (see
Figure 2). The new silicon-tungsten luminosity detector, to which the Birmingham, Brunel,
RAL and UCL groups have contributed, provides a measurement with an experimental
accuracy of 0.075%. This significantly improves the OPAL measurement of the invisible
width of the Zo, which may be used to estimate the number of light neutrino flavours
(N,= 2.984 f 0.024 f 0.005).
Analysis of lepton pair final states continues to be a focus of UK effort: a Brunel student
was responsible for a large part of the analysis of the Zo -+ p+p- channel and, in particular,
provided many detailed checks of systematic errors and biases in the asymmety analysis.
The Manchester group has maintained its strong activity in the analysis of the Z lineshape
and lepton pair forward-backward asymmetries. Since 1993, members of this group have
contributed to the estimation of the systematic errors in the selection of Zo -+ p+p- and
Zo -+ T+T- events, the inclusion of endcap e+e- -+ e+e- events into the electroweak fits and
studies of events consisting of four final-state fermions. OPAL members from Manchester
and Cambridge have played important roles in the LEP energy working group.
An independent analysis has been provided by the UCL group, in which' the cross-sections,
asymmetries and important correlations are fully taken into account when extracting the
electroweak parameters. Fits to the lineshape and asymmetry data have been used to
measure the e parameters which separately parametrise the corrections to the lowest order
electroweak diagrams due to Standard Model effects (primarily loops involving the top
quark and Higgs boson) and effects from beyond the Standard Model.
Several UK members of OPAL, from Birmingham, Manchester and UCL, are active in the
LEP electroweak working group (EWWG) which brings together physicists from each
experiment. The aim of the EWWG is to ensure that all electroweak results from the four
experiments are combined correctly, taking into account any correlations. The results from
this group are then provided as an important definitive source, for use in conference
presentations and other derived analyses.
Electroweak measurements in the heavy flavour sector have also made substantial progres?
during 1995. New preliminary measurements of the fraction of hadronic Z0 decays into bb
or CC pairs (Rb and &) have both been presented at conferences. There is a strong UK
involvement in both measurements.
The Rb measurement, published last year with 1992 and 1993 data, has been updated, by
inclusion o f the 1994 data, to give a new preliminary result o f
Rb = 0.2197 f 0.0014 f 0.0022, with R, set to its Standard Model value of 0.172. The
analysis uses a 'double tagging' technique which allows a simultaneous determination of rb6
and the b-tagging efficiency, improving substantially the overall accuracy. Vertex and lepton
tags are combined to improve the precision. The dominant vertex tagging component
remains the responsibility of Cambridge, and the muon identification that of Birmingham.
Several new preliminary R, measurements have been presented by OPAL at conferences in
1995. Of particular note is a novel analysis, originated by the QMW group, which derives
Rc by measuring the production rates in hadronic Zo decays, of four species of weakly
decaying charm hadron D+, Do,Q,A,. Since these four species almost saturate the weak
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charm decay rate, the sum of their production rates gives FQ, free from most of the
hadronisation uncertainties which afflict, for example, measurements of R, using the
observed yield of a single D meson species. This analysis yields the preliminary value
R,= 0.168 f 0.016, one of the most precise determinations available. Work is in progress to
add the 1994 and 1995 data, which should improve the error significantly. Combining with
the other published and preliminary OPAL R, measurements gives FQ = 0.1550 f 0.0112.
The OPAL results for Rb and R, and the Standard Model expectation (marked SM) for a
range of top masses are compared in Figure 3.
Forward-backward asymmetries of quarks are also interesting electroweak observables, as
they are sensitive to sin2 8,. The measurements of A h and A b have been updated during
1995 to include 1994 data. Recent developments in measuring quark asymmetries using jet
charge estimates to separate quark and anti-quark directions have led to a measurement of
A b performed by the Birmingham group, in collaboration with colleagues from CERN and
Italy, and a determination of sin2 8, from an inclusive hadronic event sample, performed
partly by the Manchester group. These two analyses include 1993 and 1994 data, and give
sin2 8, = 0.2313 f 0.0012 f 0.0006 and sin2 e,,, = 0.2326 f 0.0012 f 0.0013 respectively.
The Manchester group is currently extending this analysis to include information on the
charge of tracks associated with tagged vertices.
The UCL and Brunel groups have developed a new analysis to search for the possible
presence of an extra high mass neutral gauge boson. A Z' could manifest itself through
direct exchange, interference with the standard Zo or by mixing, resulting in a modification
of the values extracted from electroweak fits. Mixing angles of the order of 10 mrad have so
far been excluded and this represents a substantial improvement over previous results.

A high-precision energy scan was performed during 1995, to improve the accuracy of the Zo
mass and width measurements further. Collaborators from Manchester and UCL played a
leading role both within OPAL and in the wider LEP community in establishing the technical
and physics case for the scan.

b Quark Physics
The UK groups have continued to play a central part in b quark studies. A number of new
results have been published, and others presented at conferences.
The updated B+ and Bo lifetimes (1.52 f 0.14 f 0.09 ps and 1.53 f 0.12 f 0.08 ps
respectively) obtained by the Cambridge and QMW groups, have been published in 1995.
The measured ratio of 0.99f0.14~8-82is consistent with the expectation that the lifetimes
are similar.
Measurements of Bo -Eo oscillations continue to improve, A determination of the
oscillation frequency for B! mesons using events with two identified leptons has been
published, and others using jet charge measures in concert with reconstructed D++mesons
and leptons have been presented at conferences. The most recent, the lepton-jet-charge
measurement, yields A% = 0.4393f:8$8#8:8 ps-1 and places a limit on Am,, which
determines the frequency of Bo oscil ations. A Birmingham physicist leads the Bo - Bo
oscillations working group and has played a leading role in many of these measurements.
The Birmingham group is also working on measuring the average B mixing using lepton
tagging and jet charge measurement, applying the techniques used in the A h measurement.
The sample of semileptonic B hadron decays with a reconstructed charm meson has been
used by the QMW group in an analysis, submitted for publication, to measure b quark
fragmentation into Bo and B+ mesons, and compare the fragmentation functions observed
with different phenomenological models. The mean scaled energy of Bo and B+ mesons was
determined to be C X = ~0.695 f 0.006f 0.003 f 0.007, where the errors are statistical,
systematic, and due to model dependence. This analysis is more complete than previous
ones in that the effect of production of P-wave B mesons is explicitly taken into account.
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The QMW group has also pioneered the study of inclusive charm production. Results have
been obtained for @, D+, and A: hadrons. In each case, statistical separation between
prompt production and B + D X decays was achieved using lifetime information. Together
these measurements represent the first comprehensive study of charm hadron production at
LEP. The relative rates for the different charmed hadrons formed from primary c quarks
has been found to be in good agreement with lower energy data. The measurements of
primary charm production have also been used to study charm fragmentation and to
measure r & / r h a d . The measured rates of these four charmed hadrons in b hadron decays is
found to account for (1.018f0.0463.8g f0.036) c or C quarks per b hadron decay where the
errors arise from statistical, systematic, and branching ratio uncertainties respectively. This
is the first such 'charm counting' result obtained at LEP, where the systematic errors are
different to measurements made in Y(4S) decays.
decays, and in b6 decays of the Zo, has been
The rate of production of J/w mesons in
measured by the Cambridge group in collaboration with colleagues from CERN and Italy.
The values obtained for the branching ratios are B(ZO+ J/w X) = (3.9 f 0.2 f 0.3) x 10-3
and B(b + J / w X) = (1.15 f 0.06 f 0.12) x 10-2.
Exclusive reconstruction of B meson decays to states including J / w were further attempted,
and signals reported in the B0 + J / w K! and B+ + J / w K+ channels.
The Cambridge group is working on updating its previous analysis of rare B decays, such as
Bo + nh-,which give information about 'penguin' diagrams.

z Lepton Physics
OPAL has updated its measurements of z lifetime, polarisation and many decay branching
ratios during the year. A measurement by the Birmingham group of the leptonic branching
ratios of the z was published during 1995, and already an update of the electron channel,
performed by Canadian colleagues, has been submitted for publication. Birmingham
continues to work on improving the muon decay branching ratio measurement.
The z polarisation has been measured in many channels by OPAL. The first OPAL
measurement of the z polarisation in the difficult z + alv channel has been made by the
RAL group using 1990 to 1994 data, and presented at conferences during the year.
Combining the result with those from other zdecay channels yields preliminary results of
A, = 0.134 f 0.015 f 0.004 and AT= 0.134 f 0.010 f 0.009, consistent with e/z universality.
In the Standard Model framework these results can be used to give a value
sin2 8w = 0.2331 10.0013. The UCL group continues to work on improving the z
polarisation measurement in the muon channel.
Birmingham and RAL have also been working together with Canadian colleagues to measure
the topological branching ratios of the z lepton.

been made by Cambridge and Birmingham by comparing
QCD calculations including all-order resummed leading and
published value, averaging over results from study of several
f 0.006. The analysis has been further extended by Cambridge
two-jet events, with consistent results. This analysis was
submitted for publication in the first half of 1995.
The longitudinal, transverse and asymmetry fragmentation functions for the process
e+e- + h + X have been separated and measured by Cambridge using 3 million events.
Comparisons have been made with QCD predictions and the measured value of the
longitudinal cross-section o~/ot,t= 0.057 f 0.005 is in agreement with the expectation of
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the JETSET parton shower model. It is, however, considerably above the O(a& QCD
prediction of 0.038 f 0.002 owing to hadronization and higher-order perturbative effects.
The gluon fragmentation function has been extracted from the transverse and longitudinal
functions. This offers a complementary approach to other methods (Figure 4). The
asymmetry fragmentation function grows in importance towards large x, and its behaviour
may be understood in terms of standard electroweak asymmetries and a simple valence
quark dominance model.
Studies of isolated photons in hadronic events led to the publication of measurements of
electroweak couplings of up and down-type quarks and recently to comparisons of event
properties with predictions of matrix elements calculations. Following its previous work in
this area, the RAL group is now addressing the measurement of photon production inside
jets. Photons emitted by partons provide information about the development of the parton
shower and the parton-photon fragmentation function. Knowledge of the latter, not
predicted by theory, is important for the interpretation of the measurement of the prompt
photon production in hadronic colliders, especially for estimates of the background to the
H
yy channel at the LHC. The RAL group is investigating methods of reducing the
important # background.
In the field of non-perturbative strong interactions, Manchester is responsible for the coordination within OPAL of measurements of inclusive particle production and
fragmentation. Measurements made in Manchester of the production of the strange vector
mesons @(1020) and K*(892)o in hadronic Zo decays have been published durin 1995. The
results included a measurement of the rate of production of the K;(1430 , the first
observation of a strange tensor meson at LEP. The position of the peak (Speak) in the
distribution of ln(1 /x ) for 441020) and K*(892Io has been measured and compared with
measurements from otxer species of hadrons. In the framework of the modified leading log
approximation, the Speak values are expected to depend only on the mass of the produced
hadron, but OPAL measurements have suggested that baryons and mesons lie in two
separate bands. It has been shown that this apparent discrepancy is probably due to the
production and decay of higher mass resonances.

P

In Manchester, the production and spin-alignment of $(1020) in gluon jets has been
investigated, and results were presented at the summer conferences. Another long standing
interest has been the residual effects of Bose-Einstein correlations on the mass spectra of
unlike-sign pairs of hadrons. An understanding of these effects is necessary before a reliable
measurement of the production of the po meson can be performed.
A measurement is undenvay in Manchester of the probability for strange quark-antiquark
pairs to be produced in the fragmentation process. This uses the novel technique of
measuring the forward-backward asymmetry of K+(892)oand K+ mesons.
The QMW group have used reconstructed D* mesons and secondary vertices in jets to
measure the hemisphere charged particle multiplicity in Zo + uii, dd, sS, Zo + CC and
fiu& = 10.41 f 0.06 f 0.09 f 0.19,
Zo+bb
events.
The
results
are
& =10.76 f 0.20 f 0.14 f 0.19, and fib = 11.81 f 0.01 f 0.12 f 0.21. The differences in total
charged particle multiplicity between c and b quark events and light (U, d, s) quark events
are found to be 6,1 = 0.69 f 0.51 f 0.35 and 8b1 = 2.79 f 0.12 f 0.27. The QMW and
Cambridge groups are now using the same techniques to study scaling violations.

yy Physics
The UCL analysis of the photon structure function F$(x) was the first to be performed at
LEP. As a second stage to the analysis, the unfolding of the true Bjorken x distribution has
now been done on a logarithmic scale which refines the measurement at low x values extending it into a region which lower energy experiments could not reach. Down to x values
of 0.01, there is no sign of any rise in the photon structure function. This has already ruled
out a number oftheoretical models. We look forward to L E E , where the reach in x will be
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sufficient to see whether the photon has a rise in the same region of x as the rise seen in the
proton structure function at H E M .

t;z

The RAL group has measured F using electrons tagged in the end cap lead glass
calorimeter, thereby extending the
range to 200 GeV2. This work was presented at the
Sheffield Photon '95 conference. A RAL physicist is joint convenor of the OPAL yy working
group.
Higgs Searches
UCL have been in charge of the search far Higgs events with a recoiling muon or electron
pair, published in 1994, and including 1990 to 1993 data. They have found what is
probably the best candidate yet seen at LEP; an event which passes the Z++ p+p- selection
criteria with one well resolved b decay vertex. However, four-fermion production gives rise
to an irreducible background in this channel which, for masses above 50 GeV, is estimated
to be 0.3 f 0.1 events.
The Intermediate Energy Run ('LEP 1.5')
During November 1995, LEP ran at higher beam energies, from 65 to 70 GeV, as a step
towards the LEPZ operations, scheduled for 1996. This short high energy run is of interest
both to search for possible new physics signatures at a new energy frontier for e+e- colliders,
and as a test of expected physics processes, machine backgrounds and overall performance
at higher energy. The UK groups are preparing themselves for LEPZ by involving themselves
fully in the analysis of LEP1.5 data.
Physics Preparations for LEPZ
Preparations for LEP2 analysis have been proceeding at full steam during 1995, particularly
in the context of the LEP2 workshop at CERN. A Manchester physicist is on the organising
committee of the workshop, and colleagues from Cambridge and UCL summarised LEPwide experimental work on the W mass and triple-gauge coupling measurements for the
final plenary session of the workshop.
The measurement of M, is one of the fundamental measurements to be performed at LEP 2,
and one of the most promising techniques appears to be the direct reconstruction of the W
mass from its decay into qq. This may be done independently in two channels,
W+W- 3 qqqq and W+W- + qqlVl. At Cambridge and UCL, studies have been performed
of the selection of events in these channels, and of techniques for the subsequent mass
reconstruction (Figure 5). For example the W+W+ qqqq reaction may be selected with an
efficiency of 80% and a purity of 75%. Kinematic fitting provides an important tool for
further reducing background and refinin the W mass resolution; present studies predict a
statistical precision of 55 MeV for 500 pb- of data, and future work is likely to improve on
this. In 1996 Mw will be determined from measurements of the W-pair cross section at
threshold. Physicists from Cambridge and Manchester are currently studying the systematic
uncertainties of this measurement.

-

-

4

The production of pairs of W bosons at LEP2 will provide a chance to measure the
properties of the triple-gauge boson coupling between ZOWW and also yWW. There is a
small sensitivity to these couplings in pp collisions, but this will be greatly improved at
LEP2. The Birmingham, UCL and Brunel groups are studying how these measurements can
best be made at LEP2, considering both the resolution effects of the detector, and the effects
of the W width and initial-state radiation, on the measured W-pair properties. Several
different electroweak generators are being studied, and alternative fitting strategies
considered.
The Cambridge group is also participating in the QCD working group for LEP2. In contrast
to LEPl, one of the main problems for QCD studies is to select a sample of Z0 + qq events
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close to the full c.m. energy, without contamination from radiative Zoy or W+W- + qqqq
final states. At present, efficiencies of around 85% with a purity close to 87% seem to be
achievable, but with significant bias to the selected event sample. Work continues to
optimise the event selection procedure. The distributions of event shape variables such as
Thrust may be used to measure % at LEE?. Monte Carlo studies indicate that the influence
of hadronization on such distributions will be greatly reduced relative to LEPl, and will be
less dependent on the model used. In particular, this will allow the use of resummed QCD
calculations to determine as in the two-jet region of the distributions, where the LEP2 data
should be most plentiful and least biased. A statistical uncertainty of f 0.001 on a, should
be achievable. (An assessment of the likely systematic uncertainties has not yet been
completed).
In the yr part of the workshop, the convenor of the structure function study group is from
UCL. This sub-group has made considerable progress in establishing the need for Monte
Carlo models, particularly PYTHIA and HERWIG, to incorporate yy processes in a formally
correct way, replacing the ad hoc models used for LEPl analysis. This should allow
systematic errors due to modelling and unfolding to be reduced to match the increased
statistics at LEPZ.
In addition to the above activities, investigations have also progressed on obtaining the best
sensitivity to possible Higgs boson production and decay at LEM. From the UK, the UCL
and RAL groups have participated in the studies for the workshop.

In summary, OPAL is eagerly anticipating LEP2 data-taking next year. Furthermore the UK
groups confidently expect to play an important role in the analysis of the higher energy
data, capitalising on their leadership of current preparatory work and on the central roles
they have played at LEPl, particularly in electroweak, QCD, and two-photon analyses.
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OPAL PUBLICATIONS
1

A Test of CP-Invariance in Z0 + zt z Using Optimal Observables
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C66, (1995) 31-44.

2

Combined Preliminary Data on Z0 Parameters from the LEP Experiments and
Constraints on the Standard Model
The LEP Electroweak Working Group and The LEP Collaborations: ALEPH,
DELPHI, L3, OPAL
CERN-PPE/94-187 (25 November 1994).

3

Observations of x-B charge-flavor correlations and resonant B IC and BK production
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C66, (1995) 19-30.

4

A Measurement of the Production of Do* Mesons on the
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 27-44.

5

A Study of Charm Meson Production in Semileptonic B Decays
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 57-68.

6

Measurement of the Leptonic Branching Ratios of the z lepton
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C66, (1995) 543-554.

7

A Study of B Meson Oscillations Using Dilepton Events
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C66,(1995) 555-565.

8

Comparisons of the Properties of Final State Photons in Hadronic Zo Decays with
Predictions from Matrix Element Calculations
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 15-26.

9

Improved Measurements of the B0 and B+ Meson Lifetimes
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 379-388.

10

: Lifetime
An Improved Measurement of the B
The OPAL Collaboration, R Akers et a1
Phys. Lett. B350, (1995) 273-282.

11

Search for Heavy Charged Particles and for Particles with Anomalous Charge in e+eCollisions at LEP
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 203-211.

12

Measurement ofthe Hadronic Decay Current in z + RX-+ v,
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 45-55.

13

The Production of Neutral Kaons in @ Decays and their Bose-Einstein Correlations
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 389-401.
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14

Inclusive Strange Vector and Tensor Meson Production in Hadronic Z Decays
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C68, (1995) 1-12.

15

A Measurement of Charged Particle Multiplicity in ?i
The OPAL Collaboration, R Akers et a1
Phys. Lett. B352, (1995) 176-186.

16

A Search for Lepton Flavour Violating Zo Decays
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 555-564.

17

A Measurement of the Fonvard-Backward Asymmetry of e+e- + b6 by Applying a Jet
Charge Algorithm to Lifetime Tagged Events
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C67, (1995) 365-378.

18

A Measurement of the Ab Lifetime
The OPAL Collaboration, R Akers et a1
Phys. Lett. B353, (1955) 402-412.

19

Measurement of the Multiplicity of Charm Quark Pairs from Gluons in Hadronic Z0
Decays
The OPAL Collaboration, R Akers et a1
Phys. Lett. B353, (1955) 595-605.

20

Measurement of the Longitudinal, Transverse and Asymmetry Fragmentation
Functions at LEP
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C68, (1995) 203-213.

21

A Study of QCD Structure Constants and a Measurement of as (MzO) at LEP Using
Event Shape Observables
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C68, (1995) 519-530.

22

Measurement of the ‘T: + h-h+h’vl and ‘T: + h-h+h- 2 In%,
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C68, (1995) 555-567.

23

A Model Independent Measurement of Quark and Gluon Jet Properties and
Differences
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C68, (1995) 179-201.

24

Investigation of the String Effect Using Final State Photons
The OPAL Collaboration, R Akers et a1
Zeit fur Phys. C68, (1995) 531-540.

25

Measurement of the Average b-Baryon Lifetime and the Product Branching Ratio
f(b -+ Ab). BR (Ab + A f i X)
The OPAL Collaboration, R Akers et a1
CERN-PPE/95-090 (23 June 1995)
Submitted to Zeit fur Physik
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26

A++ Production in Hadronic fl Decays

27

A study of b Quark Fragmentation into Bo and B+ Mesons at LEP
The OPAL Collaboration, G Alexander et a1
CERN-PPE/95-122 (3 August 1995)
Submitted to Phys. Lett. B.

28

A comparison of b and uds quark jets to gluon jets
The OPAL Collaboration, G Alexander et a1
CERN-PPE/95-126 (22 August 1995)
Submitted to Zeit fur Physik.

29

Measurement of the z +VevTBranching ratio
The OPAL Collaboration, G Alexander et a1
CERN-PPE/95-142 (28 September 1995)
Submitted to Phys. Lett. B.

30

J / Y and Y' production in hadronic Zo decays
The OPAL Collaboration, G Alexander et a1
CERN-PPE/95-153 (26 October 1995)
Submitted to Zeit fur Physik.

31

Test of the Exponential Decay Law at Short Decay Times using z leptons
The OPAL Collaboration, G Alexander et a1
CERN-PPE/95-155 (1 November 1995)
Submitted to Phys. Lett. B.

The OPAL Collaboration, G Alexander et a1
Phys. Lett. B358 (1995) 162-172.

CONFERENCE CONTRIBUTIONS AND REVIEW ARTICLES BY UK PHYSICISTS
Measurements of B hadron Lifetimes at LEP
J R Batley
6th International Conference on Hadron Spectroscopy, Manchester, 10 - 14 July 1995.
Electroweak Measurements using Heavy Quarks at LEP
T Behnke and D G Charlton
Physics Scripta 52 (1995) 133.
Measurements of Rb using Lifetime Tags
D G Charlton
International Europhysics Conference on High Energy Physics, Brussels,
27 July - 2 August 1995.
Lepton Flavour Violation and CP Invariance in z Decays
T Geralis
International Europhysics Conference on High Energy Physics, Brussels,
27 July - 2 August 1995.
Review of b-hadron physics at LEP
M Jimack
XXXth Rencontres de Moriond, Electroweak Interactions and Unified Theories,
11-18 March 1995.
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Measurements of the photon structure function Flusing two-photon events tagged in the
OPAL endcaps
B W Kennedy
Photon'95 Conference, Sheffield, 8 - 13 April 1995.
Multiplicities and Fragmentation Functions with OPAL at LEP

s Kluth

Symposium on Multiparticle Dynamics, Stara Lesna, Slovakia, September 1995.
Recent Particle Searches at LEP
P Sherwood
Four Seas Conference, Sissa, Trieste, 25 June - 1 July 1995
Measurement of Tau Lepton. Decays to Kaons at OPAL
C P Ward
XXXth Rencontres de Moriond, Electroweak Interactions, Les Arcs, March 1995.
Measurement of Fragmentation at LEP
J A Wilson
6th International Conference on Hadron Spectroscopy, Manchester, 10 - 14 July 1995.
OPAL-RELATED PAPERS BY UK AUTHORS

A method for measuring strangeness suppression in light quark fragmentation at LEP
G Lafferty, Phys. Lett. B353, (1995) 541-546.
Where to stick your data points: the treatment of measurements within wide bins
G Lafferty and T Wyatt, NIM A355, (1995) 541-547.
The OPAL Muon Barrel detector
R J Akers et a1 NIM A357, (1995) 253-273.
OPAL RESEARCH THESES BY UK STUDENTS

Determination of the tau pair production cross section at the Zo resonance
R Akers, Ph.D. Thesis, Manchester, 1995.
A search for the standard model higgs boson using the OPAL detector at LEP
K Ametewee, Ph.D. Thesis, UCL, Autumn 1995.
A measurement of the forward-backward asymmetry of 8 p+p- and a search for an
additional neutral vector gauge boson using electroweak observables at OPAL
P Bright-Thomas, Ph.D. Thesis, Brunel, May 1995.
Measurement of the leptonic branching ratios of the tau lepton using the OPAL detector at
LEP
J Clayton, Ph.D Thesis, Birmingham, January 1995.
Studies of QCD using event shape observables in e+e- annihilation at the @ energy
S Kluth, Ph.D. Thesis, Cambridge, 1995.
A search for lepton-flavour violating decays at OPAL
W Matthews, Ph.D. Thesis, Brunel, submitted but not yet awarded.
A measurement of the tau polarization asymmetry from acolinearity at OPAL
N Tresilian, Ph.D. Thesis, Manchester, 1995.
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A measurement of the B+ and Bo meson lifetimes and lifetime ratio using the OPAL detector
at LEP
T Shears, Ph.D. Thesis, Cambridge, August 1995.

A study of A0 and KO production in bottom quark events at LEP
A Yeaman, Ph.D Thesis, QMW,submitted but not yet awarded.
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An example of a 'radiative return' event recorded by OPAL during LEP
operation at 130GeV. A virtual radiative photon has materialised as a
quark and anti-quark (forming one combined jet) and the Zo has decayed to a
p+p- pair.
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Figure 2

One standard deviation contours (39% probability content) in the Re - AK'"
plane for each lepton species and for all leptons assuming lepton
universality. The shaded area is the Standard Model prediction for
50 < M, e230 GeV and 60 <MHiggs < 1000 GeV for as(Mz)= 0.120.
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Figure 3

Comparison of OPAL measured Rb and R, values with the Standard Model
prediction (SM) for the range of top masses indicated. The central measured
value is shown as a star, the 1 standard deviation contour has a 39%
probability content.
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1.

Gluon fragmentation function as measured by OPAL via transverse and
longitudinal fragmentation functions (points) and from three-jet events with
secondary vertex tag identification of quark jets (histograms) for two
different jet-finders.
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Figure 5

Simulated reconstructed jet-jet mass distribution for events selected as
W+W+aqqq candidates. The dark shaded area shows background from
e+e- (Z /y>*(y>+ qq(y>and W+W- qqtij" events, the light shaded area
shows incorrect jet-jet combinationsin W+W-qqqq events.
+
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LEP Pit8

The DELPHI Experiment

Proposal 740

Ames; Antwerp; Athens; Bergen; Bratislava; Bologna; College de France; CERN; CRN (Strasbourg);
Demokritos; Genova; Grenoble; Helsinki; IIHE (Brussels); JINR Dubna; KFK (Karlsruhe);
Krakow; LAL (Orsay); Lisbon; Liverpool; Ljubljana; LPNHE (Paris VI); Lund; Lyon; Marseille;
Milano; Mons; NBI (Copenhagen); NIKHEF (Amsterdam); Oslo; Oxford; Padova; Prague;
RAL; Rio de Janeiro; Rome; Saclay; Saiiita (Rome); Santander; Serpukhov; Stockholm;
Tech Univ Athens; Torino; Wieste; Udine; Uppsala; Valencia; Vienna; Warsaw; Wuppertal.
Physics Results in 1995:

Publications on physics topics studied with the DELPHI detector this year have again covered
a wide range of topics (see publications list attached). In addition, approximately 50 further
papers were presented at the International Conferences on High Energy Physics in Brussels
and Beijing, held in July and August, and =e currently being prepared for publication. The
following briefly summarizes some of the studies in which UK physicists have been most recently
and most heavily involved:
1) Standard Model Tests :

Measurements of the mass and the partial and total widths of the Zo together with the
forward-backward asymmetries in Zo decay provide a powerful test of the Standard Model.
During the last year, further refinements have taken place in the determination of these quantities, and a preliminary sample of 1.14 million hadronic Zo decays and 54000 Zo +p+p- events,
recorded at the Zo peak in 1994, has been added to the 1.8 million events accumulated between
1990 and 1993 at the peak and at several energies around it. This has resulted in an improvement
in precision of up to 40% in the values of several parameters.
The following values of the mass and the total width of the Zo and of the unfolded Born cross
section at the Zo pole have been obtained from fits to the hadronic and leptonic cross-sections
and the leptonic asymmetries:

Mz

= 91.1849 f 0.0034 GeV,

rz = 2.4913 f 0.0053 GeV,
00 = 41.39

f 0.10 nb.

The ratios R of hadronic to leptonic decay rates were determined to be

Re,= 20.88 f 0.16,
Rpp

= s20.70 f 0.09,

Rj-7

= 20.61 f 0.16,

and the forward-backward asymmetry parameters for Zo

+ et decays were found to be

Ate = 0.0233 f0.0069,
A'CLCL = 0.0166 f 0.0030,
A:7 = 0.0210 f0.0057.
These values have been combined with those of the other LEP experiments to give overall
precision in MZ of f 2 . 2 MeV and in r z of f3.2 MeV. They have also been used to derive more
precise values of additional electroweak parameters. The squares of the vector and axial vector
couplings of the Zo to charged leptons are determined to be

K2 = 0.00154 f0.00021,
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A: = 0.2507 f0.0007,
corresponding t o a value of the weak mixing angle of
fept sin2 OeI,
- 0.2304 f 0.0014.

T h e invisible and hadronic Zo widths have been derived to be

rinv= 503.9 f4.1 MeV,
r h d

= 1736.0 f 5.2 MeV,

and, using the Standard Model prediction ryY/l?ee
= 1.992 f 0.002 and the DELPHI result
rinv/ree
= 6.010 f0.046, the number of light neutrino species has been deduced t o be

N, = 3.017 f 0.023.
U K groups continue to be responsible for all the work on the pp channel and for much of the
global fitting and interpretation of the data. The asymmetry determined from the muon data
taken in 19924 is shown in figure 1 as a function of centre-of-mass gnergy.
An original study has been performed by UK groups in 1994 of the interference between
initial and final state radiation in the process e+e-+p+p-.
T h e effects of this interference are
small when only loose cuts are placed on the phase space available t o the radiated photons.
However, when the radiated photon energy is restricted to be less than rz, the interference can
lead to large shifts in the forward-backward asymmetry A,, of the final state p+p-. This can be
understood by considering the space time structure of the process and suggests that it should be
possible to measure rz by examining this effect. In the analysis performed, the photon energy is
restricted by indirect cuts on the acoplanarity angle of the muons. Figure 2 compares the data
with theoretical predictions for AFB as a function of acoplanarity, with and without interference
effects. Fits to this distribution show clear evidence for radiative interference, and a value of

rz = 2.26 f 0.19 (stat.)

f 0.06 (syst.) GeV

has been extracted. This result is subject to a further theoretical error due to as yet uncalculated
higher order interference terms.
2)

T

physics :

U K groups continue to be deeply involved in studies of T physics, and several new results
have been derived this year.
A paper describing the measurement of the T lifetime has been completed, in which three
different methods have been used. The first two methods use events with two one-prong T
decays: in the first, the miss distance between the two tracks is measured, thus cancelling the
dependence of the lifetime determination on the Zo decay point reconstruction, while the second
method uses the correlation between the difference of the two signed impact parameters and the
acoplanarity of the tracks to determine the lifetime, thus avoiding dependence on Monte Carlo
simulation. Since these methods both use events of the same topology, their results are highly
correlated, and they have been combined t o give the value
T~

= 291.8 f3.3 (stat.) f 2.0 (syst.)

fs.

I n the third method, the T decay point is reconstructed in Zo +TT events with 3-prong decays.
Using a new tracking pattern recognition algorithm, the efficiency in reconstructing such decay
vertices has been increased by 75%, and a value of
T~

= 286.7 f 4.9 (stat.) f 3.3 (syst.) fs
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has been determined. The combined value, 77 = 290.3&2.7(stat.) fl.8(syst.)fs, may be compared
with the value of 285.7f4.lfs predicted assuming lepton universality and using BR(T + evv) =
17.50 f 0.25% and m,=1777.1 k 0.4 MeV/c2. Alternatively, the measured lifetime may be used
to determine the relative strengths of the Fcrmi coupling constants ( g r / g p ) . This ratio is found
to be 0.990 rt 0.009, consistent with lepton universality.
In a second published analysis in the field of T physics, the leptonic branching ratios of the
T have been determined. The method involves a careful study of the separation of signal from
background in -r+evfi and ~ + p v Fdecay modes. The signal for the electron decay mode is separated from hadronic backgrounds using the distributions of ionization loss in the TPC and of the
ratio of the associated electromagnetic energy deposited in the HPC to the particle momentum.
Muonic T decays are separated from hadronic background by looking at the differential energy
deposition in the layers of the hadron calorimeter. Branching fractions
BR(T+ evv) = (17.51 f 0.39) % and

BR(T+ pvv) = (17.02 f 0.31) %
have been determined, and the ratio of the muon and electron couphngs to the weak charged
current is derived as
?E = 1.000 f 0.013,
Se

in conformity with e - p universality. Alternatively, e - p universality may be assumed, and the
evv and pvu branching fractions combined to give a value BR(T + tvv) = 17.50 f 0.25% for
the average branching fraction into a massless lepton.
An additional activity of the T physics team is the measurement of the mass of the u7 using
T hadronic decays into three charged particles; mur can be determined from the shape of the
invariant mass spectrum of the seen decay products in the region of its end-point. The spectrum
is shown in figure 3; it has been used to derive a preliminary value:
mur i: 37MeV.

3) Heavy quark physics :

UI< groups have continued their activities in the field of heavy quark physics, with several
new analyses in progress.
In the field of B spectroscopy, the observation of correlated Aoe* and AOp* pairs in hadronic
Zo decays has yielded a value for the production rate per b-quark of weakly decaying B-baryons
followed by their leptonic decay of
f(b

+ At) x BR(A: + AOt-iiX) = (0.30 f0.05 (stat.)E::?

(syst.) )%.

A fit to the impact parameter distribution of the muon in the Aop sample has been made and
the lifetime of weakly decaying B-baryons measured as
TA;

+o 19 (stat.) f 0.08 (syst.) )ps.
= (1.07-0:17

Also in progress is a search for the hitherto unobserved B, (Ec) meson, predicted to have
mass around 6.2-6.5 GeV/c2 and a high branching ratio to J/$J X. A method has been
developed to look for the B, meson'decay into 3 leptons and no other charged particles, which
would indicate the Bc+ J/$ t v decay in events with a clear secondary vertex. The mass of the
B, would be fixed by observing the decay B, + J/$J X , where X is an odd number of charged
hadrons.

+

+
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T h e production of vector B* mesons has been studied by observation of their radiative decays
t o pseudoscalar B mesons. In such a decay, the energy of thc observed photon is below 0.8 Gel'
and is normally poorly measured in the electromagnetic calorimeters. However, about 5% of
such photons convert to e+e- pairs in the detector before the T P C , and an algorithm has been
developed to reconstruct them, achieving resolutions of 1% in energy and 1.5 mrad in angle.
T h e mass difference A ~ ( B * - Bis) to a good approximation estimated as Er7~(l
- PBcos &),
where E-,is the measured energy of the photon, 7 B and OB are the boost factor and velocity
of the b-hadron system and
is the angle between the b-hadron and the photon. Figure 4
shows the distribution of this quantity from analysis of the 1991-94 data. From the clear peak
seen, a value
Am(B+-q = 0.0456 f 0.0003 (statistical only) GeV/c2

has been determined, and the mean B* yield is estimated as 0.25 f O.Ol(statistica1 only) per
hadronic Zo decay.
The rate of b hadron decays into neutral strange particles has been determined in a study
of events tagged as Zo+b6 by a successful b-tag in one hemisphere (defined by the event thrust
axis) and with a KO or A' observed in the opposite hemisphere. .'The strange hadrons can
originate either from b hadron decays or from fragmentation, but these two sources have very
different rapidity distributions, the shapes of which are predicted by standard hadronization
routines. From fits to the rapidity distributions, branching ratios
B R ( b - h a d r o n j K:X) = 0.290 f 0.011 (stat.) f 0.027 (syst.),
BR(b-hadron+AOX) = 0.059 f 0.007 (stat.) f 0.009 (syst.) and
BR(b-baryon+AOX)

= 0.28$:::;

have been determined.
The study of strange particle production has continued with a new publication of the observed
rates of E-, E0(1530) and C*(1385) production in Zo decays. In addition, the rates of K O , ho
and E- production have been determined as a function of the event topology, and compared
with the predictions of the J E T S E T hadronization program for the relative rates of production
of each of these particles in events with two or more than two jets. Significant disagreement is
observed in some rates. T h e study will continue with the addition of more data, and the final
results used to adjust the tuning of strange particle production parameters in J E T S E T .
T h e search for the Higgs boson, which will be one of the major activities at L E P 2 , and
the heightened interest in the measurement of the ratio r b 6 / r h a d in Zo decays make it of great
importance to develop the most efficient and purest possible b quark tag. Up to now, this has
generally been considered to be that based on the Borisov method, in which the probability that
the event contains a b decay vertex is estimated by combining the probabilities that each track
comes from the Zo decay point, using their measured impact parameters. An improved method
has been devised, in which probabilities are estimated using not only the impact parameter
of each track, but also other kinematic variables, such as momentum and angle with respect
t o the jet axis. The expected distributions of these variables in the DELPHI detector for b
quarks, c quarks and light quarks are derived from the detector simulation program, and hence
the separate probabilities of the event containing any of these quark species can be evaluated.
T h e curves of efficiency versus purity obtained by varying the cut on the combined b confidence
are shown for the two methods in figure 5; the improvement achieved with the new method is
evident.
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Physics at LEP2

During 1995, intensive prcparations have been made for the forthcoming upgrade of LEP to
run at energies above the WW threshold. Much of tlie activity has centred around a CERN
workshop with participation from all the LEP experiments as well as from theorists, for which
a detailed report is in preparation. UI< DELPHI physicists have played a prominent role in this
work.
The opening of the e+e-+ W+W- channel will allow two measurements, those of the W
mass and of the trilinear couplings of gauge bosons (TGCs), to be made with considerably
greater accuracy than has hitherto been possible. Both of these measurements are of great
importance in tests of the Standard Model and in the search for the physics which lies beyond
it. The importance of a precise measurement of Mw, for instance, has been quantified using
the model-independent parameters of Altarelli et al. The parameter E:! can only be improved
by a precise measurement of Mw. The current error, corresponding to 6Mw = 180 MeV/c2, is
SE:! = f0.0040. The range of precision on Mw which can be expected from LEP2, assuming
an integrated luminosity of about 500 pb-’ per experiment, is from f 2 5 to f50 MeV/c2; for
2 fO.OO1l.
SMw = 25 MeV/c2, the error on E:! would be reduced to 6 ~ =
In both W mass and TGC studies, the availability of reliable Mo,nte Carlo generators is of
great importance. A detailed comparison of the predictions of different codes has been carried
out, resulting in an essential standardization of their running parameters. A particular study has
been made of the 4-fermion generator ERATO, in which the three Feynman diagrams responsible
for on-shell MTW production are supplemented by the (up to 20) diagrams needed to describe the
general e + e - + f l f : ! f 3 7 4 final state. This code has been interfaced to the JETSET hadronization
program, and hence to the DELPHI detector simulation code.
Studies of TGC measurements at LEP2 have included an examination of whether it will
be possible to distinguish different models of deviations from Standard Model predictions in
maximum likelihood fits to all the available kinematic information in each event. Figure 6
indicates that this can indeed be achieved for values of TGC parameters differing from the SM
predictions by a few times the expected LEP2 statistical precision. The method uses the known
statistical property that a x2 distribution can be derived from the ratio of likelihoods of two
hypotheses applied to the same data if the parameters of the two hypotheses belong to the same
parametric family. In the figure, x2 probability distributions are shown when such tests are
applied to event samples generated with non-SM values of one TGC and analyzed with a model
corresponding to the same, “true” hypothesis, and with a “wrong” one. It can be seen that a
simple comparison of the values of these probabilities indicates the correct model in the majority
of cases and, in addition, the absolute probability value indicates the goodness of the fit.
The analysis of the final states j j t v , j j j j and tvtv from WW production (where j represents
the jet fragmentation of a quark or antiquark, and lv a charged lepton-antilepton pair) will
proceed in several stages: the selection of event samples of acceptable efficiency and purity; the
possible use of kinematic fitting to impose energy and momentum conservation (and, possibly,
W mass constraints); and extraction of the TGC parameters using a statistical technique such
as the maximum likelihood method mentioned above. Each of these stages has been studied in
detail using fully simulated data. It has been concluded that good efficiency and purity can be
achieved in each of the final states; for instance, in the jjlv channel, E 70% and P 95% can
be expected. The effect of kinematic fitting can be seen in figure 7, where distributions of the jet
energy residuals and of the W production angle in reconstructed jjtv events are shown before
and after application of the fit. It is of great importance to understand and correct the biases in
parameters determined from the data, incurred by application of the analysis procedure. These
have been quantified - they amount to a few times the expected statistical precision, - and
methods of dealing with them in the analysis are being studied.

-

-
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Detector upgrades and performance

The performance, reliability and understanding of all the DELPHI detector components have
continued to improve this year. In particular, the hardware items for which UK groups have
responsibility, namely the Outer Detector, Barrel Muon Chambers and Micro-Vertex Detector,
all continue to perform excellently and have been tested to be compatible with LEP bunch train
operation. The Outer Detector has been shown able to provide a reliable tag of the bunch
number within the train. In parallel, the Data Acquisition control system and Slow Control
system, for which UK physicists are responsible, have performed very efficiently throughout the
1995 data-taking period.
UK physicists have continued their involvement with the upgrading of the Micro-Vertex
Detector. The inclusion in 1994 of a layer to provide z as well as R4 measurements has resulted
in much improved precision in both primary and secondary vertex reconstruction. Plans for a
further upgrade during the 19945 shutdown were postponed due to late delivery of the detectors;
however, this development will take place, ready for data-taking in 1996, in conjunction with
the installation of a Very Forward Tracking device. The upgrade of the Micro-Vertex Detector
involves extending the outermost layer down to 25". Because of the large area involved, pairs of
single-sided detectors glued back-to-back will be used instead of double-sided ones. The readout
will again be routed over a second metal layer integrated onto the detector. This development has
been carried out by the UK groups in collaboration with Micron Semiconductor (UK) Ltd, and
the construction and testing of one half of the modules is being carried out in UK laboratories.
At the start of data-taking in 1995 DELPHI was equipped with a new extended Inner
Detector. The development included the replacement of the Inner Detector trigger chambers by
a five layer straw tube detector with angular coverage down to 15". UK physicists participated
in the commissioning of this detector, which subsequently ran successfully during the year.
During 1995, a substantial amount of development work was carried out on the LEP machine
in order to prepare it for high energy running in 1996. In addition to this, however, LEP provided
e+e- collisions at the Zo peak and at energies at 2 GeV on either side of it, and DELPHI collected
16.7pb-' at the peak and 9.lpb-' and 9.3pb-' at 89.2 and 93.2 GeV, respectively. The final LEP
running period, although designated primarily a technical run, proved to be a very successful
first venture into high energy running, with a peak of 70 GeV per beam achieved. With the
DELPHI detector performing extremely well, 6.0pb-' were collected, mainly at a centre-of-mass
energy of 136 GeV. Figure 8 shows one of the beautiful events recorded in this new energy
regime.
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DELPHI Publications in the last year:

1. First evidence of hard scattering processes i n single tagged yy collisions
P. Abreu et al.
Phys. Lett. B342 (1995) 402

&

2. Measurement of
using Impact Parameter Measurements and Lepton Identification
P. Abreu et al.
Zeit. Phys. C66 (1995) 323
3. Measurement of the Forward-Backward Asymmetry of charm and bottom Quarks at the Z Pole
using D**Mesons
P. Abreu et al..
Zeit. Phys. C66 (1995) 341

4. Observation of Orbitally Excited B Mesons
P. Abreu et al.
Phys. Lett. B345 (1995) 598

5. First Measurement of the Strange Quark Asymmetry at the Zo Peak
P. Abreu et al.
Zeit. Phys. C67 (1995) 1
6. Search for heavy neutral Higgs bosons in two-doublet models
P. Abreu et al.
Zeit. Phys. C67 (1995) 69
7. Measurements of the 7 Polarisation in Zo decays
P. Abreu et al.
Zeit. Phys. C67 (1995) 183

8. Strange baryon production in Z hadronic decays
P. Abreu et al.
Zeit. Phys. C67 (1995) 543
9. Production of Charged Particles, K:, K*, p and A in Z
P. Abreu et al.
Phys. Lett. B347 (1995) 447

+ bb Events and in the Decay of b Hadrons

10. Inclusive Measurements of the K* and p/p Production in Hadronic Zo Decays
P. Abreu et al.
Nucl. Phys. B444 (1995) 3

11. A Measurement of Bf and Bo Lifetimes using Et+ events
P. Abreu et al.
Zeit. Phys. C68 (1995) 13
12. B* Production in Z Decays
P. Abreu et al.
Zeit. Phys. C68 (1995) 353
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13. Lifetimes of Charged and Neutral B Hadrons using Event Topology
W. Adam et al.
Zeit. Phys. C68 (1995) 363
14. Lifetime and production rate of beauty baryons from Z decays
P. Abreu et al.
Zeit. Phys. C68 (1995) 375
15. Production of strange B-baryons decaying into
P. Abreu et al.
Zeit. Phys. C68 (1995) 541

-

pairs at L E P

16. Study of Prompt Photon Production in Hadronic Zo Decays
P. Abreu et al.
Zeit. Phys. C69 (1995) 1
17. Observation of short range three-particle correlations in e+e- annihilations at L E P energies
P. Abreu et al.
Phys. Lett. B355 (1995) 415

18. Search for exclusive charmless B meson decays with the DELPHI detector at LEP
P. Abreu et al.
Phys. Lett. B357 (1995) 255
19. A Measurement of the T Leptonic Branching Fractions
P. Abreu et al.
Phys. Lett. B357 (1995) 715
20. Upper limits on the branching ratios
P. Abreu et al.
Phys. Lett. B359 (1995) 411

T

+ p~yand T + ey

21. The DELPHI Silicon Strip Microvertex Detector With Double Sided Readout
V. Chabaud et al.
CERN PPE/95-86
Submitted to Nucl. Instrum. Methods A (1995)
22. A measurement of the photon structure function l?, at an average
P. Abreu et al.
CERN PPE/95-87
Submitted to Zeit. Phys. C (1995)
23. Measurement of A++(1232) Production in Hadronic 2 Decays
P. Abreu e t al.
CERN PPE/95-130
Submitted to Phys. Lett. B (1995)
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Q2of 12 GeV2/c4

24. Measurement of Inclusive r0 Production in hadronic Zo Decays
W . Adam et al.
CERN PPE/95-144
Submitted to Zeit. Phys. C (1995)

25. Search for Promptly Produced Heavy Quarkonium States in Hadronic Z Decays
P. Abreu et al.
CERN PPE/95-145
Submitted to Zeit. Phys. C (1995)
26. A Precise Measurement of the Tau Lepton Lifetime
P. Abreu et al.
CERN PPE/95-154
Submitted to Phys. Lett. B (1995)

27. Energy Dependence of the Differences between the Quark and Gluon Jet Fragmentation
P. Abreu et al.
CERN PPE/95-164
Submitted to Zeit. Phys. C (1995)
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International conference presentations by UK physicists in last year:
Electroweak results at L E P
G.R. Wilkinson,
Invited review talk,
Rencontres Internationales de L a Vallee D’Aoste,
L a Thuile, Italy,
March 1995.

WW

Physics at L E P 2
R.L. Sekulin,
Invited review talk,
International Europhysics Conference on High Energy Physics ,
Brussels ,
July 1995.

Production of heavy flavours by neutrinos
J. Guy,
Invited review talk,
International Europhysics Conference on High Energy Physics,
Brussels,
July 1995.
Review of experimental results on precision tests of electroweak theories
P.B. Renton,
Invited review talk,
XVIIth International Symposium on Lepton-Photon Interactions,
Beijing, China,
August 1995.
Recent DELPHI results on differences between quark and gluon jets
J. Guy,
Invited review talk,
X X V International Symposium on Multiparticle Dynamics,
Slovakia,
September 1995.
Experimental topics in B physics
W. Venus,
Invited review talk,
Workshop on We& Interactions and Neutrinos WIN95
Talloires , France,
September 1995.

B hadron decay rates

W. Venus,
Invited review talk,
Workshop on e, b, t physics
Rio de Janiero, Brazil,
February 1995.
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Talks by U K students at the Telford

IOP conference, April

1995

P.J. Holt (Oxford)
A first study of the interference between initial and final state radiation at Z energy.

I. Last (Liverpool)
Observation of B" mesons at DELPHI.

Theses completed by U K students in the last year:

J.D.Richardson (Liverpool)
The Design and Evaluation of an LHC Prototype Double-sided Silicon Microstrip Detector
and Measurement of the Tau Lifetime.
R.A. Campion (Liverpool)
A Study of Strange and Charm Particle Production in Heavy Quark Decays
using the Delphi Detector at LEP.

J. Davies (Liverpool)
A Measurement of the Cross-section and Forward-Backward Asymmetry of the Tau Lepton
using the Delphi Detector at LEP.
S. Bosworth (Oxford)

A measurement of the B-baryon lifetime.
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Figure 1: Forward-backward asymmetry in the p+p- channel as a function of centre-of-mass
energy with data taken from 1992-4. The asymmetry has been extrapolated to the full solid
angles and corrected for acollinearity and momentum cuts. The curve is the result of a 5parameter fit of electroweak parameters to the data shown and to other DELPHI hadronic and
leptonic data.
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Figure 2: The forward-backward asymmetry observed in e+e-+p+pat centre-of-mass energy
Mz as a function of acoplanarity, compared with theoretical predictions from the generator
KORALZ,with and without interference between initial state and final state radiation.
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Dashed Curve is prediction for 0 MeV Neutrino
Solid Curve is prediction for 40 MeV Neutrino
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Figure 3: Invariant mass spectrum of the charged tracks from 3-prong T decays plotted (top)
linearly and (bottom) logarithmically. The curves show the predictions for two values of m,.
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the open circles show the background-subtracted signal.
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Figure 8: An event corresponding to the reaction e+e-+ Zo y at centre-of-mass energy of 140.2
GeV observed in the DELPHI detector. The two jets from Zo decay and the deposition of energy
in the HPC (barrel electromagnetic calorimeter) from the large-angle y can be clearly seen.
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1

Introduction and Overview

HERA coniinenced operation i n 1995 in April with the usual period of machine physics. By
mid-May, positron-proton luminosity was achieved for physics, and H 1 coininenced data taking. Peak luminosity at the beginning of electron fills regularly reached about 20% of design. For the first time, HERA delivered simultaneously luminosity for physics i n three interaction regions, for the H1 and ZEUS collider experiments and in the East Hall for the
newly installed HERMES polarised gas jet experiment. Data-taking in the H1 interaction
region took some time to establish with conditions of low background. In the subsequent
months to the beginning of November data were accumulated with daily integrated luminosity
soinetimes reaching lOOnb-'. At the time of writing (end October 1995), HERA had delivered 8pb-I of integrated luminosity to H1. The on-going status of HERA operation is in
< http : //www - mpy.desy.de/desy - acc.htm1 > on World Wide Web.
Throughout 1995 data taking, all of the H1 detector components which were designed and
built by the UK groups were operational. These include the Superconducting Solenoid (RAL),
the Forward Track Detector which extends the reconstruction of charged particles down to
within about 5" of the proton beam (RAL, Glasgow, Lancaster, Liverpool, Manchester), the
H1 Central Data Acquisition System (RAL), the H1 central trigger control (RAL), and the
Forward Muon Detector (Manchester) and Trigger (Birmingham, QMW) which provide muon
identification and reconstruction also in this forward region. In addition the first parts of the
H1 upgrade program were operational for the first time. The on-going status of H1 operation
is in < http : //dice2.desy.de/ >.
The new backward calorimeter (SPACAL) took data with all its advertised features working,
namely excellent energy resolution, fast inter-bunch timing response, and triggering. Parts of
the. tracking upgrade using silicon microvertex detectors in both the central and the forward
regio11s7 also took data. The Forward Proton Spectrometer (FPS) was operational throughout
the 1995 running period. The UK groups from Birmingham and QMW, with support from RAL,
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are responsible for tlie timing ~iiotiitoringof tlie SPACAL. The 111group at R.AL is responsible
for tlie read-oiit and data acquisition of the silicon detectors. Lancaster coiitributed to the
construction of tlie FPS. In addition scintillator detectors were added in the forward direction
by Manchester and QMW to eiiliance both ToF and proton reiii1l;int tagging.
Throughout 1995, analysis of the data taken both in 1993 and i u 1994 lias co~itinued.Work is
i n progress on many aspects of photoproduction and electroproduction i n tlie kinematic regions
to wliicli HERA provides unique experimental access. T h e accumulation of data in 1994 and tlie
develop~iientof appropriate analysis techniques have meant that now first iiieasureinerits of tlie
partonic sub-structure of tlie proton, of tlie photon, and of diffractive exchange are complete.
These, plus initial studies of neutral and charged current ep physics at high Q2 and searches for
new phenomena, form tlie backbone of tlie present physics program at of I41 at HERA. As tlie luniinosity increases, the scope and precision of this program grows as tlie unique challenges posed
by the operation of HERA, the world’s first collider of different particle species, continue to be
inet and the operational luminosity and duty cycle continue to improve. The on-going status of
HI physics in the form of publications is i n < http : //dice2.desy.de/psfiles/papers/list.html >.

2

Deep-Inelastic Physics

Hl’s first measurements of tlie proton structure function El i n tlie new kinematic region of
deep-inelastic ey scattering a t low Bjorken-z [l, 2, 31 have now been analysed i n tlie context
of DGLAP QCD evolution to isolate and quantify the doiiiinant parton contribution due to
gluons [4].W i t h this i n mind the interests and activities of the HI-UK groups are concerned
with related physics which probes further tlie way QCD governs the structure of tlie proton,
the way it interacts, and tlie dynamics of hadronisation. These activities are reported on below.

2.1

Quark Fragmentation in Deep-Inelastic Scattering

The comparison of the fragmentation of quarks in deep-inelastic ep collisions with e+e- collisions provides a unique insight into parton dynamics. QCD drives quark fragmentation and
so a careful experimental comparison helps our understanding of tlie complex nature of the
process. Distributions of the final state charged hadrons are compared with their equivalent
distributions in e+e- collisions [5, 61. T h e underlying processes are. shown schematically in
figures l a and b). Hl’s analysis has demonstrated that tlie quarks emerging from within tlie
proton, in ep interactions, as a result of large momentum transfer (Q2)>from a virtual plioton, reveal themselves in an essentially identical manner to those which are pair-produced i n
e+e- collisions. For example, the distribution of final state charged hadrons (the fragmentation
with P,,,,
function) can be expressed in terms of the variable l n i , where z = Phndron/Pmax,
being the maximum possible momentum available t o a single hadron. For e+e- interactions, i n
the CMS frame, this maximum momentum is f (i.e. to lowest order, the momentum of either
of the pair-produced quarks). In tlie case of ep collisions, choosing the Breit, or “brick wall”
frame of reference, the momentum of the outgoing quark in the simple quark-parton model (i.e.
figure l b ) is
where Q is the modulus of the virtual photon’s 4-momentum. Figure l c shows
the most probable value of In: as a function of Q for Hl’s data and, as a function of E , for
various e+e- experiments, together with some theoretical predictions and fits. It is clear that,
with the above choice of reference frame, Q is the ep variable which is equivalent to E and that,
with this choice, tlie evolution of the maximum in the fragmentation fuiiction is tlie same for
both processes.

y,
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Figure 1: Schematic Feynman diagrams for quark production and fragmentation in the naive Quark Parton

Model (QPM) for a) e+e- annihilation and for b) deep-inelastic ep scattering; c) variation of the maximum of
the fragmentation distribution in In with Q (see text).

2.2

Strangeness Production in Deep-Inelastic Scattering

An interesting question, which always arises whenever the structure of the proton can be probed
with enhanced precision, is whether there is a contribution to it of strange quarks (s), as
well as up ( U ) and down ( d ) quarks. Measurements of the dependence of strange liadron
production, such as K O and A’, on z = (pKo EK0)/(2pq)can be examined for evidence of
I/
such a contribution in the form of “leading production” at large z (+ 1). Here EKO,p,,-:/
and p, are respectively the K O energy, lab momentum parallel to the direction of the struck
parton, and the lab momentum of the struck parton. The results for K O production can be
understood entirely in terms of U and d quark fragmentation (figure 2). There is no evidence
yet of an excess at large z over models which assume only fragiiientation contributions from
U and d [7, 81. Furthermore the evidence suggests that the models of U ancl d fragmentation
invoke a “strangeness suppression factor” i n fragmentation which is too large, much as lias been
observed in e+e- annihilation to hadrons at LEP.

+
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variable z ; the results are compared with Monte Carlo simulations (MEPS)for different values of strangeness
suppression in quark fragmentation to hadrons; the inner error bars are statistical and the outer error bars are
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2.3

Hadronic Energy. Flow and QCD Evolution in Deep-Inelastic
Scattering

No understanding of proton structure is adequate if the global features of hadron production
in deep-inelastic scattering are not understood in terms of it. At low Bjorken-z, the dominaiit
parton dynamics are based on virtual photon-gluon fusion to quark and antiquark (shown in
figure 3a with additional QCD contributions from a “ladder” of parton exchange). Attempts
have been made to understand the features of final state transverse hadronic energy flow ET
given the understanding of the partonic structure of the proton from QCD analyses of F2, of
the leading and next-to-leading order QCD dynamics, and of hadronic fragmentation. To date
the results indicate that ET flow, measured with respect to the virtual photon-proton axis in
their overall centre of mass system, is not well understood in terms of our present abilities to
calculate all of these influences.
In figure 4, < ET > is shown as a function of Bjorken-z for different Q 2 together with a
theoretical approach which models as closely as possible “BFKL motivated” QCD evolution.
A distinguishing characteristic of the latter is that the partons (mainly gluons) in the ladder
diagram (figure 3a) are not ordered in decreasing transverse momentum as one moves “up the
ladder” from the proton remnant to the current or struck quark. The result is that BFKL
QCD expects more ET between the remnant and the current than other schemes. The curves
shown in figure 4 include a Colour Dipole Model (CDM) prediction (with and without parton
hadronisation) in which there is explicitly no ordering in transverse momentum of the partons,
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Figure 3: Schematic Feynman diagrams for a) ep DIS a t low Bjorken-x illustrating how QCD can give rise to
hadron production from partons produced between the’“struck” or “current” quark at x = 2, = X B ~and the
proton remnant; increasing pseudo-rapidity TI from the current quark towards the remnant corresponds roughly
to increasing the fractional momentum xilp = xi of the parton which forms the side of the “ladder”(usual1y
a gluon at low Bjorken-x) as a fraction of the iiicident proton; the transverse momenta of the itli parton is
k ~ i and
;
for b) a deep-inelastic ep interaction in which there is a forward diffractive “rapidity gap” devoid
of liadroiiic energy; the high Q2 virtual photon interacts with a colourless entity of space-like mass 2 whose
momentum as a fraction o f the target proton is x p ; a (colourless) remnant of the proton R, continues close to
the incident direction of the target proton in the laboratory frame.
and an explicit BFKL calculation, but ignoring parton hadronisation. There is an intriguing
possibility that the “qualitative” agreement of the “CDM hadrons” expectation with the measurement inay be a first hint of evidence for BFKL motivated QCD evolution. The difficulties
associated with the application of the more familiar “DGLAP motivated” QCD evolutioii mean
however that the interpretation in terms of “BFKL evolution” remains at present only one of
many possibilities [9, 101.

2.4

Diffractive Deep-Inelastic Scattering

One of the most significant observations by both HERA experiments has been the presence of
events with a “rapidity gap” in deep-inelastic scattering. These events are interpreted naturally
as the interaction of the probing virtual photon with a colourless piece of the proton which
carries very little of its parent’s momentum (figure 3b). Some of the time in ey interactions,
the violently scattered electron probes the means by which this small momentum transfer from
the proton takes place, rather than the proton itself which consequently emerges relatively
unscathed from the interaction.
A first measurement has been made of the contribution FF(3)to the proton structure function F2 of deep-inelastic interactions in which the proton remnant R, carries nearly all of the
incident proton momentum. The striking result is shown in figure 5 in which are shown the
dependences of F . ( 3 )on a variable called x g . This variable measures the momentum transfer
in the diffractive proton interaction (as a fraction of that of the incident proton). The dependence on x p , shown as measured data points with a superimposed dependence, is obviously
universal, irrespective of the values of the variables /3 and Q2. The form of the dependence
(o( x&’“’) is exactly as expected for diffractive proton interactions. Because p and Q2 describe
the way the electron probes the colourless piece of the proton, and because x p specifies the.
way the diffractive energy/momentum transfer from the proton takes place, the universality
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Figure 4: Mean transverse energy in the virtual photon-proton centre of mass rest frame as a function of
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diagram, BFKL t o a n explicit Q C D calculation which ignores parton hadronisation, and CDRl partons to a
Colour Dipole Model calculation in which parton hadronisationis ignored.

of the slope of the x p dependence demonstrates unambiguously that the electron is probing
the iiieans by which this sriiall’energy/~iiomexituxiitransfer takes place, that is tlie diffractive
proton interaction, rather than the proton itself [Il, 12, 131.

These results can then be used to deduce the structure function of the diffractive exchange,
for many years considered phenomenologically to be the exchange of the pomeron, and this is
shown in figure 6. T h e dependence on p and Q’ of p: in figure 6 can be analysed using DGLAP
QCD evolution. Though the accuracy of this first measurement is limited, the results already
demonstrate that an understanding of the energy/momentum transfer in proton diffraction,
that is of the pomeron, is possible in terms of the exchange of gluons, and that there is a
suggestion that one gluon likes t o carry most of the niomentuni transfer [14].

3

Production of Heavy Flavour Quark Systems

In all theoretical supposition, production of heavy SU3 flavour quark systems (charm c and
beauty b) is predicted to be substantial in ep interactions by virtue of the large gluon content of
the proton at low Bjorken-z [4]. T h e detection of these events, either in which there is evidence
for c or b decay through leading lepton ( p or e) production, or i n which there is evidence for
resonance production (e.g. J/$, $‘, D, D* for c, Y, Y’, B , B* for b ) , is complicated by
the difficulties of low leptonic decay branching ratios and peak signal to noise respectively.
Though, with one exception, measureinexits are presently concerned with ep collisions in wliicli
Q2is small, nevertheless they are motivated by dependence of the cross sections 011 the gluon
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XP

Figure 5: T h e diffractive contribution F:'3'(p, Q 2 , z p ) t o the proton structure function F2 as a function of
for different p and Q 2 ; the inner error bar is the statistical error; the full error shows the statistical and

xp

systematic error added in quadrature; superimposed is the result of the fit establishing a factorisable dependence
of the form oc ."z;
Note that an overall normalisation uncertainty o f 8% is not included.

content of the proton, and therefore as such have particular relevance to the low 2 domain of
proton structure probed in ep deep-inelastic scattering.
With the present level of integrated luniinosity first measurements have been made of the
cross sections for J/$ production [15, 16, 171. In addition signals are now visible for $' production (figure 7a) and for DID' production. The latter is shown in figure 7b in deep-inelastic
diffractive events where it has been observed for the first time [18]. Though a cross section
has yet to be evaluated, observation of a signal is interesting because the QCD analysis of
the structure function FF, shown in figure 6, favours a significant contribution to diffractive
exchange from c-quarks [ 191.

4

Forward Track Detector

Throughout 1995 the Forward Track Detector has functioned well, with its day-to-day operation
and maintenance being the responsibility of DESY based UK physicists. By contrast, most monitoring and all calibration of the detector are performed remotely.by physicists based i n the UK.
Histories of the most interesting monitored quantities, along with more general FTD information and documentation [20], are now made available to all Hl's collaborating institutes via the
H1 FTD World-Wide-Web home pages < http : //dice2.desy.de/hl/www/hldet/list.html >.
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5

Central Data Acquisition and Central Trigger

RAL have been responsible for the project leadership of the central data acquisition system.
During the whole of 1995 the system once more performed without any breakdown or serious
incident. The system consists of a dual-fibre optic ring which co-ordinates the readout of
the detector sub-components in VMEbus over distances of several hundred metres. An array
of R3000 RISC processors, equivalent to 20 IBM-3090 units, provides event filtering, data
processing, event reconstruction and histogram monitoring in real-time. By embedding the full
data acquisition functionality in VMEbus, the complete system can be operated from the latest
generation of user-interactive workstations.
During 1995 the Central Trigger Control was expanded to include the new Level-2 interfaces
(topological and neural-net) which add more flexibility in event selection prior to the final event
filtering array.

6

Silicon Tracker Data Acquisition and Readout

Groups from RAL, DESY-Hamburg, DESY-Zeuthen and Zurich, have been collaborating to
provide silicon detectors located inside the central jet chamber. The Central Silicon Tracker
(CST) is to provide high resolution tracking and vertex reconstruction in the central region,
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T ~ ~ ~ ) in diffractive deep-inelastic scattering events showing evidence for D'r pro-

duction.

and the Backward Silicon Tracker (BST) will extend this coverage to small backward angles.
RAL are responsible for providing the data acquisition readout chain.
During 1995 the first stage of the detector was successfully commissioned and tested within
the H1 experiment, together with a full DAQ chain, including custom amplifier-pipeline chips
integrated on the detector and read into VMEbus. The architecture of the readout follows that
of the central DAQ by using fibre-optics and fast integer processing within a modular framework.
Parasitic monitoring and reconstruction tasks can be executed in parallel using R3000 and 68040
processor cards. Graphics-oriented workstations cater for software development and operatorintervention.
During the winter shutdown, 1995-6, the remainder of the Silicon Tracker will be added, the
final system contributing a total of a quarter of a million electronic channels. In preparation
for this next round, and as a result of the evaluations done during 1995, an on-going optimised
readout enhancement is being implemented by RAL engineers. This involves the integration of
custom ADC mezzanines with the latest commercial PowerPC processor boards, by both PCI
and VME busses. This will ensure sufficient digital and data processing capacity well into the
coming years as the HERA luminosity further increases.

7

Backward Calorimeter Upgrade

The new upgraded H1 backward calorimeter (SPACAL) was installed during the 1994-5 winter
shutdown. This device uses scintillating fibres encased in lead, and is read out by mesh-dynode
pliotomultiplier tubes that work well in the 1 T H1 field. The electromagnetic part of the
calorimeter has excellent energy resolution ( 7 % / a ( G e V )@J l%),and both e.m. and hadronic
parts have < 111s timing resolution. It also has good spatial resolution, and provides valuable
electron/pion discrimination.
The good timing resolution is needed to reject beam-induced backgrounds, which are fre-
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quently very large i n Ill. Most of this rejection must be done i n tlie level-I trigger in orcler to
iiiiniiiiise dead-time. Good efficiency and miuimal rejection of pliysics arc essential. The accurate online and ofline timing informatiou needed in order to adjust the trigger gates, which are
set individually 011 each pl~otomultiplier’ssignals, conies from 1400 time-to-digital converters
(TDCs) designed and built by Birrninghani, QMW and RAL. This conipa.ct system of only
two VME crates is based on the TMC1004 chip, which provides four TDCs wit11 < 111s timing
resolution and pipelined readout per chip. This allows 64 TDC cliannels per module, along
with large memories that provide automatic on-board histogramming of eacli channel for up
to 16 programmable types of trigger. In addition, tlie modules include rate scalers that can be
used in several different ways.
The TDC system was installed on time and works well and reliably. It has been essential i n
commissioning tlie SPACAL trigger electronics and in fine-tuning tlie performance of the frontend electronics. The rate information has also proven to be a very useful beam diagnostic.
Online test and nionitoring programs, as well as offline reconstruction software for tlie timing
information, have been provided. The online monitoring program, which was writ ten using
object oriented techniques in common with tlie Central DAQ and Trigger interfaces, includes a
wealth of crisp displays and flexible operator-interfaces. Extensive use of networking features is
added, including full documentation for the TDC system available over tlie World Wide Web.
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- 195 -
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18. S. J. Maxfield “Measuring the Structure of the Photon at HERA”, to appear in Proc. of
the XXVth International Symposium on Multiparticle Dynamics, Stara Lesna, Slovakia,
1995.
19. S. J. Maxfield “Some Aspects of Photoproduction at HERA”, to appear in Proc. of
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HERA”, EPS0786.

+ p+X

and ep + e - X Events with High Transverse Momenta at

- 197-

THE ZEUS EXPERIMENT AT HERA.
Proposal 760
Bristol, Glasgow, Imperial College London, University College London, Oxford,
Rutherford Appleton Laboratory

in collaboration with
Argonne, Bologna, Bonn, Brookhaven, Calabria, Columbia, D E S Y , DESY-Zeuthen, Florence,
Frascati, Freiburg, Hamburg, Iowa, Julich, Krakow, Louisiana, Madison (Wisconsin), Madrid,
Manitoba, McGill, Moscow, NIKHEF, Ohio, Padova, Pennsylvania, Rome, Santa Cruz, Seoul,
Siegen, Tel Aviv, Tokyo, Tokyo Metropolitan Univ., Torino, Toronto, Virginia, Warsaw,
Weizmann Inst., Yokohama, York (Ontario).

Introduction

During 1995 HERA ran with 174 colliding bunches of 820 GeV protons and 27.5 GeV positrons. Approximately 6 pb-' of usable data were accumulated by the ZEUS experiment, roughly
twice as much as in 1994. Major contributions to the improved performance were the achievement of higher proton currents and the extended running period in 1995. As in most of 1994, it
was decided t o run HERA mainly with positrons, since these give a much longer beam lifetime
than that obtained using electrons. It is believed that the replacement of some of the vacuum
pumps should make an electron beam viable for the 1997 running.
The ZEUS detector as a whole continued to function well. The increase in luminosity made
it necessary t o employ more stringent triggers than in previous years - in particular, making
much tighter use of the tracking information - and the collaboration is beginning to have t o be
more selective on the physics data that it is able to record on tape. Analysis of the 1993 data is
now essentially complete, that of the 1994 data is well progressed, and first results are appearing
from the 1995 running.
Hardware developments.

The ZEUS apparatus was improved in a number of ways for the 1995 running. These particularly assist the coverage in the region of the beamline.

1. An improved version of the beampipe calorimeter ( B P C ) h a s been in operation, following
the group's experience with the 1994 prototype. The full planned azimuthal coverage is
now obtained, so as to maximise the acceptance for electrons that tag virtual photons in
a Q2 range 0.1-0.7 GeV2. In conjunction with this, the two halves of the central column
of cells in the rear uranium calorimeter (RCAL) have each been moved 5 cm towards the
beamline to improve the Q2 coverage of the RCAL.
2. Scintillator arrays have been installed in front of the forward and rear calorimeters t o act
as presampler devices which improve the energy measurement of forward jets and scattered
beam leptons. An extension of this system to the barrel calorimeter is planned.

3. The Leading Proton Spectrometer is now fully installed and instrumented. A trigger involving this device was brought into operation to enhance the measurement of diffractive
processes.

4. Readout of the forward and rear trackers and the transition radiation detector is now
complete, and information from these detectors can be incorporated into the track measurements. Progress is continuing on the analysis of the T R D signals.
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CTD performance.
The Central Tracking Detector, together with its associated readout and trigger electronics,
has been the major contribution made by the UK groups t o the ZEUS detector, and it remains
our joint task t o operate it effectively and obtain the optimum results from it. In data taking
the C T D has performed very reliably, with less than 2% of dead channels and little contribution
t o the experimental running downtime. No signs of aging are apparent. A much improved data
quality monitoring system has been of great assistance.
At the offline level, a number of detailed improvements to the corrections have enabled the
( r , 4 ) resolution t o be brought down t o the 190 pm level. Such a value is close t o reasonable
expectations, but we shall continue to seek further improvement. Much progress h a s been made
on the extraction of dE/da: (ionisation density) measurements, which are now being used t o
assist particle identification in a number of physics analyses. Both the previous and present
ZEUS tracking coordinators are ZEUS-UK members.
Trigger and running.

ZEUS operates a three-level trigger, of which the first level is a hardware-based system whose
principal aim is to reduce backgrounds from processes that do not come from the interaction
point. Information from the C T D makes an important contribution to this, by means of dedicated
pipelined processor cards which enable ( r ,z ) information from track segments in the first drift
chamber superlayer to be incorporated into the trigger. This system gives fast recognition of the
point of origin of tracks, and is currently used by 28 of the 33 active first level triggers. I t is
t o be extended and improved by using information from superlayers 3 and 5, by means of the
so-called C P 3 and C P 5 cards. These are now installed and read out, and work is taking place t o
integrate the information into the trigger system for the 1996 running.
The second level trigger applies software cuts to clean the event sample further and identify
certain classes of physics event. The C T D component t o this h a s been in operation since 1994, and
enables detailed information on the tracking and vertexing to t o be used in the event selection.
It is used by five of the six physics filters at this level. At the third trigger level, all the event
information is available, and many different types of physics selection can be made using software
algorithms similar t o those used offline. All the physics analysis groups contribute here.
A programme of continued improvement to all three levels of the trigger will remain of
paramount importance over the coming years if ZEUS is t o exploit effectively the expected
increases in HERA luminosity. The UK groups plan to maintain a central role in this essential
activity.
ZEUS data taking h a s become an increasingly smooth operation, and the collaboration h a s
decided t o reduce the number of regdlar shift personnel required from four t o three. The UK
groups have continued to play a full part here, and have provided several of the designated shift
leaders. We also provided one of the four ZEUS Run Coordinators for 1995.
Physics analysis.

During 1995 a large number of analyses were completed and published by the ZEUS collaboration. This h a s been made possible to a large extent by the ZARAH computing system and
environment, which was designed and implemented by the collaboration. It is based on the rapid
accessibility of events on disk storage, which together with an Ampex tape system and high CPU
power provides an outstandingly versatile and fast data handling capability. The facilities at the
ZEUS member institutions, including the UK groups, are now being increasingly exploited in
conjunction with those at D E S Y t o carry out Monte Carlo simulations. In this way the use of
resources is maximised in performing the massive amounts of computation which the physics
analyses demand.
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In the following summary, we concentrate especially on those physics areas where the UK
members of ZEUS have been particularly active. During 1994-95, the Deep Inelastic Scattering
(DIS) analysis group was coordinated by a UK physicist, and ZEUS-UK also currently provide
deputy coordinators for the Structure Function and the Hard Photoproduction analysis groups.
From Autumn 1995, a UK physicist has been the collaboration's overall Physics Coordinator.

1. Proton structure. A major focus of activity has been the measurement of the structure
function F2(2,Q2) for Deep Inelastic Scattering off the proton. Measurements now reach
down to x values well below 10-4. The extended coverage was made possible by using
events with initial state radiation, and also a special period of running of HERA with
the interaction point moved 60 cm upstream to allow smaller e* scattering angles to be
measured in 'ZEUS. Two important features are seen in the data. One is that F2 continues
to rise with decreasing z; the other is that this rise still occurs at Q2 values as low as 1.5
GeV2. The latter comes as a slight surprise as it contradicts Regge-based predictions at
this Q2 value, although perturbative QCD-based predictions are still able to describe the
data.
Fig. 2 shows the rise in the gluon density in the proton that is implied by the F2 data.
The F2 values can alternatively be expressed as total y*p cross sections (Fig. 1). Here it is
apparent that quite a rapid transition in behaviour needs to occur in the region Q2 < 1.5
GeV2 if the curves for constant Q2 values are not to cross. However there is no known
theoretical argument that prohibits the latter. The intermediate region between quasi-real
photons and Q2 = 1.5 GeV2 is thus of considerable interest for further study.
2. Photon structure in the intermediate Q2 region. One contribution to our understanding of
this region may come from the study of direct and resolved hard photoproduction, with
particular reference to the behaviour of the resolved component. The newly installed BPC
has enabled first measurements to be made in the range 0.1 < Q2 < 0.55 GeV2. The
expectation that the resolved component should fall with Q2 is found to be fulfilled. The
results, as presented at the 1995 Brussels conference, are shown i n Fig. 3.

3. Charm states in low Q2 photoproduction. Clear signals for D*production have been found
in inclusive photoproduction, and the total inclusive cross section has been measured at a
mean centre of mass energy of 163 GeV. The results are substantially higher t h a n those
found at lower energies, but are well described by NLO QCD calculations with rising gluon distributions at low x in the proton, such as are obtained from the HERA F2 data.
Figs. 4 and 5 illustrate charm signals seen in the 1994 data with the help of the dE/dz
measurements in the CTD. Cross sections have also been determined for elastic J/$ photoproduction (Fig. 6). Here too, a substantial rise compared with lower energy experiments is
found, leading to similar conclusions as with the D*data, and again confirming the general
picture of the proton which HERA is presenting to us.
4. High Q2 DIS. At the opposite extreme, deep inelastic scattering at Q2 values of 0(104)
GeV2 is sensitive to electroweak effects, and this was indeed one of the original prime
motivations for constructing HERA. First measurements of neutral and charged current
cross sections in this region have now been published. As shown in Fig. 7 , agreement with
the standard model is good. This provides a direct confirmation of the unification of the
electromagnetic and weak forces, which should be further reinforced with the use of beam
polarisation and high statistics data from both electron and positron beams.

5. Determination of a s . A measurement of the strong coupling constant a, has been made
from DIS events containing two high-p?. jets. The necessary NLO calculations at the
parton level require that the JADE jet definition scheme be applied to the data. On this
basis, the observed jet rates can be fitted to extract a s , which is found to decrease with
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agreement with expectations (Fig. 8). Expressed at the 2“ mass, our result is:
004
a, = 0.117 f 0.005 ( s t a t ) +O
-o:oos
(syseZp)f 0.007 (systheory);this value is consistent with
other determinations, and the already competitive errors should be significantly improved
with further development of this approach.

Q2 in

6 . Properties offinal states in DIS. At a range of Q2 values above 10 GeV2, the collaboration
have published a study of inclusive particle distributions in the Breit frame, where direct

comparisons can be made with e+e- annihilation data (Fig. 9). No significant differences
are suggested at this global level. An analysis has also been made of inclusive Ii‘’ cross
sections in DIS final states; the K 0 s are expected to be observed mainly as products of
hadronisation in the struck parton jet, so that the measurements test our detailed understanding of this process. Here, fewer K0s are found than expected from predictions based
mainly on the parameterisation of e+e- data. These are clearly topics which merit more
detailed investigation. A study of Ii-Os in hard photoproduction is well advanced.

7. Diffractive processes. The collaboration have continued to place much effort in investigating
processes whose energy flow displays a large rapidity gap. Three types of such process
have been studied: diffractive processes in DIS and in low-Q2 hard photoproduction, and
processes with a centrally occurring rapidity gap. Present data have not yet resolved the
debate as to whether or not the processes in these kinematic regimes are fundamentally
similar, in particular whether a common “pomeron” is involved. In DIS, the diffractive
structure function is found to show no variation with Q2 or with the fraction of the proton
momentum taken by the diffractively exchanged object, thus respectively displaying scaling
and factorisation. The errors are at present substantial, however, and although a particlelike pomeron is supported, there is also consistency with other models. From the DIS
studies it is apparent that such an object must have a quark substructure, while the lowQ2 results confirm that if the same pomeron is involved, it must in addition contain gluons.
Centrally occurring rapidity gaps have also given first evidence for “colour singlet exchange”
in hard photoproduction, providing yet another perspective on this area.

8. Other topics. In hard photoproduction ZEUS have also published further studies of jet
properties, in particular those of dijet events, where the direct component gives information on the gluon content of the proton while the resolved is also sensitive to the photon
structure. Other measurements in this area have included inclusive jet cross sections, and
angular distributions of the scattered partons in their centre of mass system.
Searches for exotic states also continue. They have so far proved unsuccessful but not unfruitful, since accounting for the candidate events which are found demands an increasingly
rigorous understanding of lepton and jet physics in ZEUS.

HERA still remains a unique instrument for the study of lepton-hadron interactions at the highest
energies, and its potential is only gradually becoming realised. We expect higher luminosities
for some years yet, and eventually polarised electron and positron beams. It is evident that the
results so far have opened up many interesting questions which future running should help to
solve. The ZEUS collaboration thus looks forward to a very healthy future, with a continuing
rich diversity of physics.
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Ph.D Theses.

1. A F Byrne (Oxford) An initial study of diffractive physics in ep collisions at HERA and
performance of the tracking trigger for the ZEUS experiment.
2. C Catterall (UCL) Measurement of chargedparticles from the hadronicfinal state of electron
proton deep inelastic scattering at Q centre of mass energy of 296 GeV.

3. S George (Bristol) SDC trigger studies and measurement of (.I{')

in DIS.

4. P Kaziewicz (UCL) Energy fIows in deep inelastic scattering at HERA.
5. J O'Mara (Bristol) NLO QCD fit to ZEUS and NMC DIS data.

6. A Prinias (IC) Measurement of the proton structure function F2 using the ZEUS detector.
The thesis by V. Jamieson (Measurement of scaled momentum distributions in the Breit Fmme
at HERA), shared a prize with two others for the best experimental Ph.D. theses submitted in
1994 on work done at DESY.
Talks on Z E U S and ZEUS-related physics given at International Conferences.

1. N Brook, Energy flow, forward jets (ZEUS), DIS Workshop, Cambridge 1995.
2. P Bussey, A comparison of prompt photon processes and two jet processes in hard photoproduction, Photon '95, Sheffield.
3. R Cashmore, Prospects for very high luminosity at HERA, DIS '95, Paris, and Zeuthen
Meeting on Spin Physics at HERA, 1995.
4. R Devenish, Recent results on proton structure, DESY Theory Workshop 1995.
5. A Doyle, Diffraction (ZE US), DIS Workshop, Cambridge 1995.

6. A Doyle, Diflraction at HERA: Experimental Perspective, Durham workshop on proton,
photon and pomeron structure, 1995.
7. I Fleck, Measurement of F2 of the proton in ZEUS data and extraction of the gluon density
at small 2 , Photon '95, Sheffield.

8. B Foster, Recent results from ZEUS, DIS '95, Paris.
9. M Lancaster, A measurement of the proton structure function Fz in DIS at low x and low
Q 2 , DIS '95, Paris.
10. M Lancaster, Proton structure at HERA: F2, QCD fits and Beyond, Durham workshop on
proton, photon and pomeron structure, 1995.
11. L Lindemann, Latest ZEUS results on

F2,

DIS Workshop, Cambridge 1995.

12. V Noyes, Results from the searches for new particles at HERA, XVth Workshop on Weak
Interactions and Neutrinos, Talloires.
13. H Uijterwaal, The ZEUS central trucking detector second level trigger, CHEP95, Brazil.
14. M Utley, Direct and resolved photoproduction at HERA with virtual and quasi-real photons,
EPS Conference on High Energy Physics, Brussels 1995.
15. R Walczak, W and Z boson production at HERA, International Symposium on Vector
Boson Self Interactions. Los Angeles, 1995.
16. A Whitfield, Vector mesons in Deep Inelastic Scattering at HERA, DIS '95, Paris.
17. A Whitfield, Photo- and Electroproduction of Vector Mesons (ZEUS), DIS Workshop, Cambridge 1995.
18. R Yoshida, Deep Inelastic Scattering at HERA: Recent results from H1 and ZEUS, Rencontres de Phys. de la VallCe d'Aosta, La Thuile.

- 203 -

Q'=

o

*

0.35
1.5 0
2.0 0
3.0 V
4.5 A

6.0
8.5 8

I

&

'

[f

0

... .
.

15

e

35

*

I

'_

. .
,.:..
.

CZl

*

AI

65 A
125 0

Q2 in GeV2

0I

*
I

1

I

I

I111111

10

I

i

A
0

A
I I IIIIII

+

I

102

0

ZEUS DIS data 93
1 I Illlll

I

103

I I IIIIII

I

104

I I Illlll

I

105

I I IIIIII

I

I

106

W2(GeV2)

Figure 1: Total y*p cross sections for photons of varying degrees of virtuality as a function of y*p
centre of mass energy W squared. It can be seen that at high W 2 ,the trend of each set of Q2 > 0
points with W 2 is a much steeper rise than for the "real" photoproduction data parameterised
by the top curve.

-204-

A

40

ZEUS

3 :

N

Y

1

?335

Q2 = 20 GeV2
30

I’rytzNLO

-

Figure 2: Gluon density i n
i)rot.on, ;IScist.r;ict.cxl using niethotls of Prytz a n d EKL antl
compa.red with t h e MRSD-’ antl hlRSl.10’ glolml fit.s [(i].
t.lic1

U

::I,

++4

Z EUS p r e I i mi no r y

:
>

501

a,

‘0

+t+;+;;+,,

10

0

, , I

,,,.I,,,(,(,,,

,

< 0’ < 0.55 GeV’
I . .

0.;

0

C.3

0.2

0.4

0.5

0.6

0.7

0.8

I

.

---Lx

.

0.9

L

1600
1400

-0-

1200
1000
800

-.-.-

ZEUS prelimincry

+-e~

-0-0-

600
4 00

-0-

< 0.02 GeV’

0’

200
0

-e--

-e--.-_.-

-0-

b)

’ ’

1

1

1

*

,

~

’

*

~

. , ~,

~

. , ~, . ~ , ~, , *,

‘

, , ~, ,

1

, , , , ,-

Figure 3: Distributions of xy for Iia.rtl ~~ltot.o~~rotlitc.tioti
a s measured using dijet events for (a)
0.15 < Q2 < 0.55 Ge:\12,(I) Q2 z 0. Tlie rcsol~ctlc.onipotwit, (i.e. for :I:? < 0.7) is proportionately
much reduced in (a.) c.omparctl to (I).

- 205 -

1994 Data using dE/dx

1994 Data using dWdx
%

:.

0

-325

-

2200

k300
c

5275
250
225

-

200175

150 :
125

-+p K - n'

-

m a s s = 2.282

f 0.01 5 GeV

B
2
2.2
2.4
2.6
2.8
mass (GeL

Figure 4: Ds signal in &r+ decay mode in
low Q2 photoproduction.

n

2.5

3

3.5

Figure 5 : A, signal in p K - r + channel.

4

e'e- mass (GeV)

Figure 6: Elastically produced J/?,b signal in
e+e- decay channel.

- 206 -

'01

to4

Q2

(GeV)

Figure 7: Cross sections for neutral and
charged current e-p scattering at very high
Q2, compared with Standard Model predictions [10].

0.25

s?d

ZEUS
Data

0.20

0.15

0.10

0.05

1

'

'

'

20

10

50

100

Q GeV)

Figure 8: Measured values of a, as a function of Q , together with predictions using different
values of the QCD scale parameter A, as determined from the rate of two-jet events in DIS in
the ZEUS 1994 data [20].

24

*

HRS

-

A OPAL

20

-

0 PLUTO
0 TASSO

16

-

22

C

-

-

4:

ZEUS

I

-

16 14

-

12

-

10

-

f'

6 6 4 -

2
0

1*

9

*3

-

I

-

I

Figur 9: Cha sed h dron multiplicities in the current region of the Breit fr me in ep scattering, scaled by a factor of two. These are compared with corresponding multiplicities in e+eannihilation events on an equivalent energy scale [13], and demonstrate a similarity in quark
hadronisation properties in the two classes of event.

- 207 -

The ATLAS Project
Albany; Alberta; Alma Ata; Amsterdam (NIKHEF); Annecy; Argonne; Arizona;
Arlington; Athens (Univ and NTU); Baku; Barcelona; Bergen; Berkeley (LBL and
UC); Bern; Birniinghani; Bochuni; Bonn; Boston; Brandeis; Bratislava; Brookhaven;
Bucharest; C a m b r i d g e ; Carleton; CERN; Chicago; Clermont-Ferrand; Columbia;
Copenhagen; Cosenza; Cracow (INP and FPNT); Dortmund; Dubna; Duke; E d i n b u r g h ;
Frascati; Freiburg; Fukui; Geneva; Genoa; Glasgow; Grenoble; Haifa; Hamburg;
Harvard; Hawaii; Heidelberg; Helsinki; Hiroshima; Indiana; Innsbruck; Irvine; Istanbul;
Jena; KEK; Kobe; Kosice; Kyoto; Lancaster; Lecce; Lisbon; Liverpool; QMW;
RHBNC; UCL; Lund; Madrid; Mainz; M a n c h e s t e r ; Mannheim; Marseille; MIT;
Melbourne; Michigan; Milan; Minsk; Montreal; Moscow (ITEP, Lebedev, MEPHI, MSU);
Munich (LMU and MPI); Naples; Naruto; New Mexico; Nijmegen; Northern Illinois;
Novosibirsk; Oklahoma; Orsay; .Oslo; Oxford; Paris VI and VII; Pavia; Pennsylvania;
Pisa; Pittsburgh; Prague (CAS, CU and TU); Protvino; Rio de Janeiro; Rochester;
Rockefeller; Rome (1,II and 111); RAL; Saclay; Santa Cruz; Sao Paulo; Sheffield;
Shinshu; Siegen; Southern Methodist; St Petersburg (IFMO and NPI); Stockholm (Univ
and KTH); Sydney (Univ and ANSTO); Tbilisi (AS and SU); Tel-Aviv; Thessaloniki;
Tokyo (CU, ICEPP, MU and AT); Toronto; TRIUMF; Tufts; Udine; Uppsala; Urbana;
Valencia; Vancouver; Victoria; Washington; Weizniann; Wisconsin; Wuppertal; Yerevan.

1

Introduction

The year 1995 has seen steady progress in the ATLAS project. The Technical Proposal [l]
was submitted in December 1994 and throughout 1995 the project was reviewed a t CERN
by the LHCC and in the UK by the PPESP. In November ATLAS was recommended for
approval by the LHCC, a recommendation subsequently endorsed by the CERN Research
Board in December. ATLAS is pleased by the confidence expressed by these two bodies.
Because of some remaining uncertainty in non-member-state financial contributions,
both the LHC machine and the experiment will be reviewed again in 1997. Between now
and then preparation for ATLAS will continue a t full speed.
The overall detector concept remains unchanged (fig 1). It combines a high resolution
muon spectrometer with robust and fine-grained calorimetry and high precision inner
tracking with very good pattern-recognition capabilities.
The extensive R&D programme launched some years ago in anticipation of physics at
LHC has now been fully absorbed into the ATLAS subdetector development programme.
The main activities undertaken by groups in the UK have been:

1. The air cored endcap superconducting toroids.

2. The inner detector.
3. The level-1 trigger.

4. The level-2 trigger.
5 . Software development.
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Figure 1: Three dimensional scheniatic of the ATLAS detector.
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2

The Endcap Toroids

The air cored endcap superconducting toroids are being designed at RAL. Following a
review at the end of 1994, further progress has been made on the specification, and
conceptual designs have been developed and evaluated, taking particular account of the
interaction with the rest of the detector and of the implications for the muon spectrometer
.resolution. Each endcap is constructed from eight symmetrically distributed coils enclosed
in a single large cryostat (fig 2). Considerable progress has been made in 1995 on
the design and stress analysis of the cold mass, the design of the cryostat, cryogenic
specifications, fault conditions and their prevention, and installation and assembly
procedures.

Figure 2: Three dimensional schematic of an ATLAS endcap toroid.
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The Inner Detector

3
3.1

Overview

At design luminosity, the ATLAS Inner Detector (ID) is designed primarily to help identify
high p~ leptons produced in the decays of heavy Higgs or arising from new physics such
as a massive 2'. This involves measuring particle momenta, checking their isolation and
distinguishing between prompt electrons, photons, conversions and bremsstrahlung. At
low luminosity, the emphasis will be on &tagging using identified leptons and vertexing
techniques for top physics and light Higgs searches, along with the reconstruction of
exclusive B decays to study CP violation.
Despite significant advances in the understanding of gas microstrip detectors (MSGCs), in September the ID community decided to replace the MSGC wheels proposed
for the forward tracking by silicon detectors. The main reasons for this choice were: the
simplification achieved by reducing the number of technologies, the reduced risk associated with a more familiar technology, less material, the ability to achieve higher spatial
resolution and correspondingly better twetrack separation. The result is an integrated
barrel and forward tracker with many design features in common.
The current layout is illustrated in figures 3 and 4. The aim is to provide >_ 6 precision
hits over the range lql < 2.5. This is achieved by 2 pixel hits at small radii, with 4 stereo
hits provided by silicon strips up to T 5 54 cm. At smaller P in the forward region, the
latter are replace by GaAs strips. These stereo strip layers constitute the Semi-Conductor
Tracker (SCT). Beyond the precision layers, continuous tracking is provided by up to 36
layers of straw tubes. At low luminosity, a vertexing layer of pixels or crossed-strips
is envisaged. This design will be frozen to permit extensive simulations and detailed
costings. Some refinements of the barrel-forward overlap may be required. This layout
will be reviewed in Spring 1996 to ensure that it is within the cost ceiling.

3.2

Prototyping and Test-beam for Silicon detectors

Much of the effort of the community (especially Birmingham, Cambridge, Liverpool,
QMW, Oxford, RAL) in 1995 has gone into prototyping for and running in the H8
test-beam at CERN. To aid measurements, a very precise telescope was built with U K
participation (Cambridge, Liverpool, RAL)
Along with a variety of other schemes, detectors are being designed based on n+-strips
in n-type bulk. These are likely to be more robust after high doses of radiation. Masks
were designed (Cambridge, Liverpool, QMW, RAL) and fabricated by CMF (RAL), with
detectors being made by Micron Semiconductor (UK) Ltd. Results demonstrating charge
sharing in these devices can be seen in figure 5.

z.

Studies with the Oxford/RAL designed DDR2 binary read-out chip yielded resolutions
x
Subsequent analysis (Liverpool) of analogue data indicates that using this scheme
to read out every other channel of an AC-coupled detector could yield significantly better
resolution with a small loss in signal.
To test the concept of a module along with the analogue solution, two prototype
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and TRT. The rays originate from a collision point displaced by 2 0 in z .
z-modules were constructed. These include two pairs of single-sided silicon detectors
mounted back-to-back with a 40 mrad stereo angle. The APV5 analogue FE chips sit on
a hybrid located to the side of the detectors and connected by kapton fan-ins. The driver
electronics, APV5s and LED based opto-links were supplied by RAL; the mechanics by
QMW and RAL; the hybrids were designed at Liverpool and the detectors were tested
and bonded at Cambridge, Liverpool and RAL. Successful tests were made of the MultiQuantum Well readout (Birmingham) and a pulse height modulation scheme designed
for the distribution of the clock and control data (Oxford). The latter scheme has been
adopted as the SCT baseline. While the prototype provided a successful full system test
of the z-module, the APV5 did not permit measurements at LHC-speeds. However, tests
with the FElix-128 front-end (Liverpool) yielded CJ = 16 pm (deconvoluted) from a pitch
of 112.5 pm.
Tests were also made with a 32-channel version of the ADAM architecture, which is
currently the only digital front-end chip working at LHC-speeds. signal/noise (S/N) of
11 was achieved. Experience gained with this is being used in the development (RAL)
of the AROW digital design which incorporates a bipolar front-end amplifier with an
integrated Wilkinson ADC on a 128-channel chip.
N

An exhaustive review process has begun, and will conclude at the end of 1996. The
baseline decisions taken in 1995 are: AC-coupled detectors with n+-strips in n-type bulk
and LED read-out. Next year, decisions will be made on: pitch; analogue, digital or
binary read-out; single or double sided detectors; and r-4 or z module type.
Following tests at ISIS-RAL, Oxford in collaboration with Bern have shown that
LEDs have a good lifetime even after irradiation. LEDs have been adopted as the baseline
solution for data transmission for the SCT.
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3.2.1

Silicon detectors in t h e Forward region

ATLAS has been pursuing the concept of silicon detectors in the forward region - this
project has an additional impetus following its selection as the baseline. A 12 cm long
module with keystone geometry has been designed and tested (Liverpool) in H8. The
detectors used were simple DC-coupled devices with pstrips in n-bulk. The active area
of the module was full length but half width, with read-out pitches varying between 103
and 145 pm. Using APV5 front-end chips, efficiencies of 99.5% were achieved with a cut
at 4 times rms noise. The resolution was compatible with
but not better due to the
lack of charge sharing in a DC device.

s,

3.2.2

G a A s detectors

The Glasgow, Lancaster and Sheffield groups have led the development of GaAs detectors
for ATLAS. Commercial detectors have been obtained from E E V (UK) Ltd and Alenia
SPA, while in-house detectors have been produced by Glasgow. These were read out in H8
using LEP-speed electronics. The 1 1 mm EEV detectors gave S/N 20:l with resolutions
= 14 pm (1-hit clusters), 9 pm (2-hit clusters) with an average of 12 pm. Work is
of
underway to increase the breakdown voltage beyond the 180V currently observed, where
charge collection efficiency is around 45%. The 25 mm Alenia and Glasgow detectors had
comparable resolution but lower S/N due to greater capacitive load arising from their
length.

5

Further studies with neutrons (ISIS-RAL) have confirmed the radiation hardness of
GaAs, however new studies with protons (CERN) and pions (PSI) suggest that charged
particles may be much more damaging than expected. Studies are underway to understand
this in terms of non-ionising energy loss and more irradiations will be performed in 1996.
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Figure 5: The response of a readout strip in an AC-coupled detector as a function of the
distance to a track (in units of strip pitch). The 'shoulder' due to the intermediate diode,
where half of the charge is collected on one strip, can be clearly seen.

3.3

Engineering and Electronics development

The silicon barrel structure incorporating beryllium staves is in an advanced stage of
design (RAL) including finite-element analysis (FEA) (Oxford, RAL) of the stresses and
work is underway to understand the integration of the complete ID (including pixels and
TRT) into ATLAS. In parallel, much work (Liverpool, RAL) is going on to bring the
mechanical design of the forward wheels and corresponding support. structure up to the
same level as that currently achieved for the barrel - see figure 6.
Detailed designs have been produced for the barrel silicon z-module (RAL) (see above)
along with FEA (Oxford, RAL) of the heat-flow. These have been confirmed using a
prototype attached to a stave segment. Detailed maps have been built up (RAL) of
the radiation lengths of all components in the barrel modules. The design (Glasgow,
Lancaster, Sheffield, RAL) of the GaAs modules has been brought more into line with the
forward silicon modules: detectors will have a keystone geometry with one of the pair of
detectors rotated from radial by a stereo angle of 40 mrad and with pitches varying from
50 to 62 pm.
Binary-ice has been chosen for cooling the SCT and will be operated somewhere in
the range -15 to 0°C. The desire is to run the system 'leakless', ie. sub-atmospheric
pressure. Tests have been done (RAL) on flow, viscosity and the cooling of heat sources
attached to a prototype barrel stave.
Consideration is now being given (RAL, QMW) to the procedures which will be used
to assemble silicon detectors, front-end chips, fan-ins etc into modules. First attempts
have been made (RAL) to understand the service requirements (high-voltage, read-out,
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Figure 6: Forward wheel design showing two rings of silicon modules and an inner ring of
GaAs.
clock-and-control, cooling) and their impact on the rest of the ATLAS integration.
Substantial work on hardware alignment has been carried out at Oxford. The ultimate
alignment precisions (Ard 5 10pm) will come from reconstructed tracks. To assist in
the initial alignment and continuous monitoring, absolute measurements will be made
in situ at many references points using Frequency Scan Interferometry. An Electron
Speckle Pattern Interferometry (ESPI) system has been set up in Oxford. E S P I will
be an invaluable tool for understanding the deformations of complete components (eg.
modules, staves, cylinders) in real time under thermal and mechanical loads. T h e ESPI
facility has already been used to understand the RAL z-module and will be used by many
ATLAS groups next year.
Work continues at RAL on analogue readout solutions (APVn). Work on binary and
digital (AROW) FE chips will continue at Oxford and RAL. In addition, development
work is being done on the DORIC clock-and-control chip (with Oxford) and the AROMA
readout module (with Cam'bridge), aimed at digitising analogue information offAdetector.
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3.4

Microstrip Gas Chambers

Whilst at the start of the year MSGCs were the baseline choice for the forward precision
tracker, there was an option to replace MSGCs by silicon microstrip detectors as used
in the barrel precision tracker. The ATLAS collaboration set up a decision path to
choose between these technologies. This consisted of a set of criteria against which.the
technologies would be judged by the Inner Detector Review Panel, the Inner Detector
Steering Group and the Inner Detector Working Group in September.
The criteria for the MSGC included a demonstration that the detectors would survive
for at least 10 years in ATLAS and measurements of position resolution, two track
resolution and efficiency as a function of track angle. The charge collection time for the
MSGCs is of the order of two LHC bunch crossings (50 ns), so an additional requirement
was a measurement of the ability to correctly tag the bunch crossing from which the track
originated.
By the time of the September review the ageing characteristics of MSGCs built on
semiconducting glass had been measured using both an x-ray source and a SrgO/3 source.
These measurements show that, although a detectors with aluminium electrodes show
rapid deterioration under irradiation, detectors with gold metallisation survive a dose
equivalent to 10 years in ATLAS with little or no loss of gas gain. The results of gain
measurements as a function of integrated dose from a SrgO source are shown in figure 7
for two Ar/DME gas mixtures. A 50:50 mixture was the baseline for ATLAS.
At the beginning of 1995 two full sized MSGC detectors were built with the fan
shaped electrodes needed for the forward tracker. The performance of these detectors
was evaluated in a test beam at CERN. These measurements demonstrated uniform gain
and efficiency along the full 15 cm electrode length up to within 1 mm of the end of the
strips, see figure 8. Also measured were the two track resolution, efficiency as a function
of angle and the bunch crossing tagging efficiency. All measurements demonstrated that
the MSGCs envisaged would satisfy the ATLAS requirements.
An agreed cost comparison of the MSGC and silicon microstrip detectors for the
forward region showed that the MSGC based tracker would be approximately 4 MCHF
less expensive.
While the Inner Detector Review Panel at the September review recognised that
MSGCs would perform satisfactorily in ATLAS they considered that the silicon option
would have better stand alone capability and offers the advantage of a reduced number
of detector technologies in the tracker. They did not consider the cost saving to outweigh
the advantages of the silicon option, and recommended ATLAS to choose the latter. This
recommendation was endorsed by the Inner Detector Steering Group, the Inner Detector
Working Group, and the Collaboration Board.
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3.5

TRT

Activity on straw tube electronics for ATLAS at RAL, initiated in the RDG collaboration,
was completed in 1995. A new version of the front end electronics was produced providing
better cancellation of the ion tail in the signal (essential for high rate operation) and a
more uniform discrimination threshold. This front end chip was tested in the beam and
achieved its performance goals. Previous work on straws has now been published [4],
relying very substantially on analysis performed at Glasgow.

3.6

Physics simulation

UK groups (Glasgow, Manchester, Sheffield, RAL) have contributed significantly to
the ATLAS effort to develop simulation code which reflects tlie current design of the
apparatus. Realistic geometries and material distributions, along with detector response
appropriate to analogue or binary read-out is now included. Various modifications and
improvements to the layout have been made.
The &tagging capabilities of the detector have been investigated (Oxford, RAL)
using both simple simulations and more recently, full GEANT simulation, incorporating
sophisticated pattern-recognition algorithms. Gluon-jet rejection of 102 should be
obtainable for &jet efficiencies 2 50%.

Figure 9: Example of H -+ b6 at low luminosity with full GEANT simulation. The inner
part of the picture corresponds to the barrel of the ID. Open circles represent precision
measurements (pixel, SCT); filled circles represent TRT hits. Generated tracks are shown
as dotted curves. Similarly, the outer ring corresponds to the forward regions where the
z information has been transformed into a radial position.
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4

Level- 1 Trigger

The ATLAS level-1 trigger is based on calorimetry and muon detectors. The trigger
system operates synchronously at the LHC bunch crossing frequency of 40 MHz, reducing
the rate of accepted events to a maximum of 75 kHz. Birmingham, QMW and RAL are
involved in development of a purpose-built digital processor which will provide electron,
photon, jet, and missing transverse energy triggers from calorimeter data [5].
The calorimeter trigger consists of front-end summation, digitisation and bunchcrossing identification (BCID) logic, a high speed data transmission system, and
specialised processors identifying e.m. clusters, jets, and missing-&. The electromagnetic
processing algorithm was incorporated into an ASIC which was demonstrated in 1993 at
the full LHC bunch crossing frequency of 40 MHz.
The emphasis in 1995 has been on demonstration of BCID algorithms, and on design
of the phase-I1 demonstrator system for use in 1996.

4.1

Bunch Crossing Identification

The calorimeters proposed for ATLAS produce output signals extending over several 25 ns
bunch crossing periods. For the level-1 trigger these pulses present a problem which has
to be solved in real time. The problem is two-fold. Firstly, the LHC bunch crossing
corresponding to the energy deposition that produced the pulse has to be identified, and
secondly, an energy measurement must be estracted. The pulse heights of the calorimeter
signals are digitised every 25 ns by a system of FADCs. The function of the bunch-crossing
identification (BCID) logic is to identify, for each calorimeter pulse, the digitised value
which corresponds to the pulse peak, to pass this on to the calorimeter trigger processor
and to set all other digitisings to zero.
Candidate BCID algorithms must maintain good efficiency for all pulse sizes - BCID
is harder for small pulses with lower signal-to-noise ratio, and for large pulses which
saturate the FADCs. Algorithms must also be simple enough to permit an economic and
low-latency hardware implementation. With these requirements in mind, many digital
BCID algorithms have been evaluated by software simulation, using calorimeter data
recorded during previous test beam runs. The data include both hadrons and electrons
with a range of beam energies up to 300 GeV.
Several efficient BCID algorithms have been identified in simulation studies [for
details, see ref [ 5 ] ] . For pulse heights above 7 counts (7 GeV), all algorithms performed
with 100% efficiency. Below this level, even the most complex algorithms start to fail.
However, it can be noted that even in the low pulse height regime, the peak finder, the
simplest of all the algorithms, gives results comparable to the best of the more complex
algorithms. From these results it was concluded that BCID could be performed with good
efficiency using relatively simple algorithms.

4.2

The 36-Channel BCID Demonstrator System

A hardware demonstrator was designed, built and used in a test beam to check the realtime BCID performance. The system performed BCID on 36 channels of calorimeter
trigger data, with algorithms implemented in Xilinx Field-Programmable Gate Arrays
(FPGAs). The re-programmable nature of these devices allowed a variety of BCID
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algorithms to be evaluated. Figure 10 shows the complete system as installed in the
test beam.

RD3

9 FADC

NIM Linear

Modules

Cluster-Flnding
Module

-DAQ
3 BCID Boards
(36 Channels)

40m

Figure 10: BCID evaluation system used in 1995 test beam running.
After digitisation, 8-bit data from the 36 trigger towers were passed to the BCID
system consisting of three 12-channel modules. Inside the modules, pedestal subtraction
was performed using a look-up table, followed by BCID processing in Xilinx FPGAs and
transmission to the e-y trigger processing module. Eleven different BCID algorithms were
tried.

4.3

Test Beam Results

The main test beam runs took place in September 1995 during tests of front-end electronics
for the ATLAS barrel calorimeter prototype. Data were recorded with beam energies from
20 GeV to 300 GeV and with a range of different front-end electronics, which produced
analogue pulses with a range of different shapes. Initial analysis has concentrated on
checking the system hardware performance. Apart from minor problems, the system
behaviour was as expected. This is illustrated in figure 11, which shows the performance
of the BCID system using a peak-finding algorithm on a typical 50 GeV electron pulse.
The pedestal has been subtracted in the hardware, and the pulse peak correctly identified
and passed through the system. The Xilinx implementation of this algorithm has a latency
of eight clock cycles.
In the interests of reduced latency as well as cost, the BCID function will ultimately be
incorporated into an ASIC. A first prototype BCID ASIC was developed by the Heidelberg
group and successfully used with the UK BCID modules by means of a daughter card
which was plug-compatible with the Xilinx chip. As expected, this operated with a latency
of 7 clock ticks. Further detailed analysis of the data is still underway.

4.4

Phase-I1 Demonstrator

At the heart of the trigger system is a synchronous pipelined processor identifying e.m.
clusters. A prototype of this processor was successfully operated in 1993 and 1994 at the
full LHC bunch-crossing rate of 40 MHz.
The trigger also relies on some new technologies which have not yet been tested
together as a system. Digitised data from the detector are transferred on optical links as
high-speed digital bit-streams in the commercial HP G-link protocol, and requires compact
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Figure 11: Peak-finding

(Sn-l
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BCID operation with.a 50 GeV e- pulse.

optical receivers on the e.m. cluster-processing modules. Data are fanned out using optical
splitters to span crate boundaries and at 160 Mbit/s on high-speed backplanes within
crates. Transmission and reception of the 160 Mbit/s data streams requires new ASIC
circuitry. Sophisticated timing arrangements are necessary to ensure that data from all
trigger channels enter the processing ASICs at the same time, even though the hadronic
and electromagnetic calorimeters have significantly different pulse peaking times.
The purpose of the phase-I1 demonstrator programme is to show that a complete and
usable system can be built, with reliable working examples of all the required new optical,
ASIC and backplane technologies.
4.4.1

P hase-I1 Demonstrator Structure

The demonstrator structure is illustrated in figure 12.
Incoming analogue data are digitised by the 9 four-channel FADC modules previously
used with the BCID demonstrator. The digital data are passed over short links to 9
four-channel transmit modules for conversion to serial format by HP G-link chipset and
transmission on multi-mode optical fibres by Finisar transmitters. After 80 m of optical
fibre, the data are received on 9 cluster-processing modules, converted back to an electrical
bit-stream, and returned to parallel format by a G-link receiver. A multiplexing ASIC
converts the parallel data to and from the 160 Mbit/s serial format, such that each pair
of outputs conveys one 8-bit digitisation each 25 ns. This ASIC also includes the pipeline
delays needed for channel-channel synchronisation. Four of the nine Cluster Processing
Modules are equipped with phase-I cluster-processing ASICs. The data required to
populate these are obtained in part directly from incoming optical fibres, and i.n part
from other Cluster Processing Modules via a transmission-line backplane operating at 160
Mbit/s. The backplane and connector technology closely emulate the proposed design of
the full trigger system required for ATLAS.
Limited space is available for electronics on the ATLAS detector, and there is intense
debate over the choice of data transmission from the detector. Digital and analogue
transmission are both regarded as possibilities, and the final choice will depend on
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Figure 12: Structure of t,he Phase-I1 demoiist.rator.
the options open to the Liquid Argon calorimeter group as \vel1 as the outcome of
tests performed within the trigger community. The pliase-I1 demonstrator is therefore
structured to allow comparison of several long-distance transmission options before
concentrating on the eventual ATLAS choice for detailed study.
To enable studies to start before the transmission method is chosen, transmitting
and cluster-processing modules are both equipped with daughter boards on which the
transmission components are mounted. The first generation of daughter boards will be
equipped with discrete Finisar and G-link devices, and will he replaced by a compact
multi-chip module (MCM) once the final transmission methcd has been chosen.
4.4.2

Demonstrator Status

The demonstrator will be constructed in two stages. The first stage will cover S trigger
towers. This will check that the complete chain of modules and data transformations
work correctly for the technical proposal architecture, but without MCMs. Following
this, the remaining modules will be built for a full 36-channel system. It is expected
that the transmission-line backplane will be delivered before Christmas, with the first
modules arriving in January and February 1996. The first multiplexing ASIC chips have
been tested and fully conform to specification. The schedule should allow comprehensive
laboratory evaluation prior to beam tests scheduled for June 1996.
The demonstrator will include provision for the fast readout required when the trigger
i s running in ATLAS. A new ASIC is under design in Ileidelberg which will incorporate
look-up tables, BCID and fast readout. This will be incorporated into the demonstrator
system when available.
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5

Level-2 Trigger

Within the three level trigger system proposed for ATLAS, the level-2 trigger has to
reduce the trigger rate from that accepted by level-1 (up to 100 kHz) to approximately
1 kHz, the maximum rate to be passed to level-3. During the level-2 decision time the
data from the complete event are kept in level-2 Read-out Buffers. If these buffers are
to be kept reasonably small, the level-2 system latency should be no more than a few
milliseconds. Key features of the system proposed are: restricting the volume of data to
be used in level-2 by using data only from regions of interest as indicated by the level-1
trigger; extracting ‘feature parameters’ (e.g. a track segment) from each region of interest
within each sub-detector, with parallel processing of these ‘local’ features; combining all
of the features from the complete event in a ‘global’ system for the final level-2 decision.
The work on level-2 is split into studies of the local and global subsystems, discrete
event simulation of the entire system, algorithm development, trigger performance and
physics studies. The UI< contributes to all of these areas with participation from RHBNC,
UCL, Manchester, Oxford and RAL, plus Liverpool who have recently joined this effort.
The UK groups constitute some 20% of the total level-2 effort and although the
base line solution for level-2 in the technical proposal encapsulates many of the ideas
put forward by the UK groups there remains much diversity of opinion on the exact
system to be built. In June the UK hosted at Cosener’s House a strategy meeting for the
whole ATLAS level-2 community. At this meeting several initiatives were agreed. First a
group was set-up to define milestones, not only for the final system and the prototypes,
but also for the architecture and technology choices. A second group are investigating
how formal methods might be applied to this work with its mixture of both hardware
and software. A third group (initially using the ESA methodology) is producing a User
Requirements Document and will then move on to a Systems Requirement Document.
These initiatives will enable the large number of groups involved to work together on the
level-2 system, to produce a coherent system which satisfies the many requirements of
the different communities. The UK has been well represented on these groups. Draft
reports are now in advanced stages and it is planned that they will be submitted to
the wider ATLAS community early in 1996. Since the meeting other sections of the
ATLAS Trigger/DAQ community have followed these initiatives and are producing similar
documents themselves.
The demonstrator programme of the UK groups has been broadened and there is close
collaboration with many more non-UK groups - now in addition to CERN and Cracow,
the programme includes groups from NIKHEF, Niels Bohr Institute, Argonne National
Lab, Michigan State University and Valencia.
Previously the components used in local sub-system tests were based on C40 digital
signal processors mounted on commercial boards. During 1995 UK groups commissioned
a number of board designs to give C40 based components more optimised to the needs
of the local level-2 demonstrator systems. A key design for this work was a VME board
with an embedded C40 processor. Fig 13a shows one of these boards, and fig 13b shows
the board with the prototype level-2 buffer. Other boards which have been designed and
produced within the UK include: a Link VME Interface (LVI) to give VME access to
C40 communication links; a new C4O/SCI interface; a fan-out for C40 communication
link signals. These various boards have been produced in sufficient numbers to allow
modest sized test systems to be run in the UK, with some modules being used by non-UK
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collaborators to check inter-operability with their equipment. Early in 1996 it is planned
to set up larger scale combined tests in CERN.

Figure 13: A VME module with an embedded C40 processor. The left hand picture shows
the basic board. The right hand picture shows the board with a prototype level-2 buffer
attached.
Much of the laboratory tests have been to confirm earlier tests with these new boards,
but one particularly significant result has been the demonstration with a prototype level-2
Buffer of the handling of event data (i.e. buffer management and output of part of the
data to the level-2 processors) at the rates expected at LHC.
Similarly, laboratory tests of SCI have led to a much deeper understanding of SCI
and have identified ways to improve the performance of the current SCI interfaces, several
of these improvements have already been implemented. In addition there have also been
combined laboratory tests with the CERN/Valencia groups and more extensive combined
tests are planned for 1996, including the use of SCI switches, which are essential to realise
a scalable system.
During 1995 two designs of 'commodity' DEC Alpha boards were obtained, these
boards aimed at the price sensitive PC market promise a particularly cost effective
solution. For the global processing the boards are run as embedded processors, with
code down-loaded from a host work-station. The tools for using these boards in this
mode are, however, still under development and tests continue on the best solution for
this work.
For the modelling work, 1995 has seen extensive additions and improvements to the
discrete event simulation program (SIMDAO) ready for future use of detailed simulations
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of both future demonstrators and complete systems.
The ability to trigger on high transverse niomentum isolated electrons is of vital
importance to the study of many physics processes at the LHC. The ATLAS inner detector
has a crucial role in selecting events with isolated single electrons from the background,
mainly QCD jets. The tracker is also vital to providing a trigger to study &physics
channels in the initial low luminosity phase of LHC running.
UK groups have taken a leading role in the work for the precision tracker part of
the level 2 trigger. Algorithms had already been developed for the barrel part of the
tracker, based on a fitting method, and the forward region (MSGC option), using a
histogramming technique. During 1995 data from a full detector simulation were used to
study the physics performance in the forward region. A similar study had already been
made for the SCT barrel, this was extended to include the region, of transition from barrel
to forward geometry.
Following the decision in September 1995 to adopt the Si option in the forward region,
work has started to develop common strategy for the whole precision tracker. A promising
technique is to use a coarse binned histogram to identify a smaller region in which a fit
will be performed. This combines the speed advantage of the histogramming technique
with the greater precision of a fitting method. Work has also started to study triggers for
the &physics channels.

6

Software development (Object Orientation)

It has become clear from the presentations at the CHEP95 conference, and from the
reports of the 00 R&D projects at CERN that Object Orientation (00) is the way
forward in particle physics software.
Birmingham, Edinburgh and RAL are all working in the ATLAS 00 subgroup which
is part of Moose, one of the R&D projects. Moose is studying the viability of the Object
Oriented approach for software development for High Energy Physics reconstruction and
analysis code at the LHC and has just submitted its first status report [6].
The ATLAS 00 group within Moose have produced an 00 model of the semiconductor tracker and electromagnetic calorimeter, coded it in Eiffel and tested it with events
from GEANT to satisfy one of the milestones set for Moose by the LCRB.

6.1

Future work

The list of criteria for CASE tool selection will be completed and criteria will be
established for selection of methods and languages.
Most of the Eiffel code which has been written so far will be converted to C++ in
order to compare the languages and to define some criteria to apply when selecting a
programming language. Language inter-operability between different 00 languages will
be studied as will the interfacing to non-00 legacy code.
It is planned to try out an 00 database to provide object persistence (i.e. when the
object lives longer than the program which created it), and compare it with the simple
persistency scheme currently used which was developed at RAL.
The application code will be developed further and more detectors added to produce
a part of a useful 00 framework for ATLAS.
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INTRODUCTION
The CMS (Compact Muon Solenoid) experiment is a general purpose detector designed to
run at the highest luminosity at LHC. It has been optimized for the search for the Standard
Model Higgs boson over a mass range from 90 GeV/c2 to 1 TeV/c2, but it will also be
sensitive to a wide range of possible signatures from alternative electro-weak symmetry
breaking mechanisms. Muons, photons, and electrons will be identified and measured with
high precision.
The past year has been a particularly rewarding one for the CMS collaboration, with major
milestones passed on the road towards full approval of the project. The Technical
Proposal, submitted to the LHCC at the end of 1994, was presented to a packed
auditorium at CERN in an open meeting of the LHCC in January. Scientists in outside
institutes were able to follow the proceedings via an audio-video link.
October saw the first meeting of the Resources Review Board, chaired by the CERN
Research Director and attended by almost all of the 30 funding agencies supporting the
experiment. This meeting established that the assumptions on which the financial planning
of the experiment had been based were entirely reasonable, thus paving the way for
approval of the project. Finally, in November the LHCC formally recommended the
experiment for approval. It is anticipated that the Director General of CERN will endorse
this recommendation early in 1996.
Within the UK the project also made important progress towards acceptance by PPARC.
An open presentation was made to the PPESP in May, which was warmly received by the
.panel, who subsequently endorsed without reservation the physics aims of CMS.
In the following sections we report on the significant technical advances made by the UK
groups during the year towards the realisation of the electromagnetic calorimeter and the
readout of the central tracking detector.
ELECTROMAGNETIC CALORIMETRY
The CMS electromagnetic calorimeter, or ECAL, will consist of a cylindrical barrel and two
endcaps, with lead tungstate crystals as the active medium; the total number of crystals will
be approximately 100000. The barrel crystals will be read out using avalanche photodiodes
(APDs), while various technologies are being considered for the endcaps, where the high
radiation doses may rule out the use of APDs. The UK groups are involved in the
mechanical design of the calorimeter, and in studies of the readout electronics; in addition,
the RAL and Imperial College groups made major contributions to the 1995 test beam work,
equipping the test crystals with APDs and preamplifiers, and constructing a temperaturecontrolled enclosure to hold the complete crystal array, as well as coordinating the data
taking and analysis. The Brunel group is carrying out GEANT modelling of energy
deposition in the test beam array. In the future, the UK groups propose to form a 'Regional
Centre' for the ECAL construction, with the task of building one quarter of the calorimeter.
Test beam work in 1995 concentrated on achieving a performance using fast APD readout
similar to that obtained with photomultipliers in 1994. Specifically CMS declared the
achievement of an energy resolution of 0.6 % at 100 GeV as a milestone to their referees.
Figure 1shows the energy distribution measured for 120 GeV electrons in 1994 and 1995. In
the 1994 tests there was a significant tail on the high side of the distribution. Several
improvements were made in 1995 to eliminate this tail: the energy equivalent APD response
to ionising radiation has been significantly reduced by the APDs having a thinner sensitive
layer before the gain region; the 1995 crystals had a somewhat larger scintillation light yield,
and were longer than those used in 1994, reducing the shower leakage.
A high degree of temperature stability was achieved and continuously monitored by sensors
on the back and front of each crystal, and on each APD. A small residual diurnal
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fluctuation with a peak-to-peak magnitude of between 0.2 and 0.3 degrees was observed.
Some of the crystals in the test matrix were equipped with 2APDs, each with an
independent preamplifier, doubling the light collected and thus reducing the photostatistical
contribution to the stochastic term of the energy resolution. With this setup the energy
resolution was 0.6 % at 50 GeV. Figure 2 shows the energy resolution as a function of energy
for single and double APD readout. When the fast, low noise preamplifiers (custom
designed and provided by RAL) were used in conjunction with the E G & G diodes the
energy equivalent electronics noise was less than 15 MeV per crystal at an APD gain of 50.
By the end of the year, a fully equipped 7 x 7 crystal matrix had been tested in front of a
full depth hadron calorimeter prototype, with both electron and pion beams. The data from
this test, now being analysed, will provide information about the longitudinal containment
of hadron showers and the en ratio. This information is needed to assess the response of
the combined calorimeter system to hadronic jets. We have also measured the rejection
power against charged pions faking electrons. Preliminary results suggest that rejection
factors of several thousand can be obtained by combining information from the tracker and
the ECAL.
Detailed studies have been carried out, at both RAL and Brunel, on the avalanche
photodiodes which were used in the beam tests. Their properties and characteristics are
now well understood and have been compared to theoretical models. This has enabled
thorough specifications to be drawn up for the next generation of APD's. The UK has
played a central role in this area. New APD prototyping contracts have recently been
placed with Hamamatsu and E G & G.
The light yields and radiation hardness of PbWO4 crystals have been investigated using the
ISIS facility at RAL, and the cobalt-60 cave and optical fluorescence spectrometer at Brunel
University. This work will continue in the future, and will form part of the crystal testing
programme for the UK regional centre. A special, dedicated spectrophotometer that can
measure the transmission of full-length crystals with precise control over the optical
polarisation has been designed and is currently under construction at Brunel.
The engineering and design of the ECAL has evolved through the year. After conducting
detailed FEA work on the 'Basket' structures which were initially proposed for the design,
the UK has suggested a new procedure for the construction of the ECAL. This involves the
grouping of small numbers (6 - 12) of crystals into sub-units. These sub-units are light
enough to be handled without special equipment, and can be fully equipped with
photodetectors and front end electronics before incorporation into modules of about 600
crystals. The concept of the sub-unit is important for the logistics of building one quarter of
the ECAL at the UK 'Regional Centre'. Important tasks can be separated and undertaken
separately at each of the four UK institutes.

C M S TRACKER
CMS tracker activities in the UK
The CMS central tracker is based on silicon and gas microstrips plus an inner pixel detector
system. The detectors will be operated in a 4T solenoidal magnetic field contained in a
cylindrical volume of radius 1.3 m and length 7 m. The total number of channels to be read
out is 11 x 106 MSGC and 3 x 106 silicon. As only two, basically similar, detector
technologies are used a single electronic readout system is envisaged for both. This offers
the opportunity of constructing a well-integrated system in a single support structure with a
low material budget and economical data acquisition architecture. The basis of the
electronic readout of the CMS tracker is front end electronics developed for LHC in the
RD20 R & D programme. The UK groups are responsible for the overall system design and
two major elements of the system: the front end readout electronics and the VME module
which is the interface to the data acquisition system.
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At Imperial College, in collaboration with RAL Electronics Division, most of the effort in the
last year has been devoted to development of the APV5 chip, which is a radiation hardened
version of the RD20 front end chip. A 32 channel version of the RMO chip, the Mv38
comprising amplifier-shaper, full length pipeline and analogue signal processor, was
produced at Harris in their 1.2 mm AVLSIRA bulk CMOS process. The chip was tested in
1994 with silicon detectors in a beam. A 128 channel chip, the APV5, was delivered in
1995 which also contains a multiplexer and therefore embodies all the operations required
for CMS. IC and Brunel University tested the chip on a CERN beamline in 1995. It is fully
functional but there are some weak points in the performance which require further attention
and a new submission is planned for Spring 1996.
In parallel with the chip development, several versions of the RMO amplifier have been
fabricated at Harris and in the DMILL process which have been evaluated. Individual
transistors, as well as complete amplifiers, were characterised before and after irradiation
up to 15 Mrad with special emphasis on threshold voltage shifts and noise performance.
The PMOS transistors, which are most important in the design, show little change in noise
and transconductance after irradiation. With the DMILL process, individual transistors
show noise characteristics and radiation hardness very similar to the Harris devices. This
work forms the subject of a thesis in its final stage of preparation.
An analogue optical fibre link provides the data path between front end chips and DAQ.
The proposed system employs passive reflective modulator technology with external lasers
providing the optical power based on the modulator technology being developed in the
RD-23 collaboration. It exploits semiconductor multi-quantum-well (MQW) electroabsorptive structures (produced by GEC-Marconi in the UK) operated around 1.55 mm
wavelength. A link is now operating at Imperial College after use in tests at CERN.
Modulators and fibres have been irradiated in a Cobalt source at Imperial to 20 Mrad levels
and further studies continue.
Simulation studies of the physics performance of the CMS tracker continue. A thesis is in
preparation on time dependent and independent asymmetries in the B system.
A joint CMS/ATLAS workshop (3 - 4 October 1995) on radiation hardening of silicon
detectors was organised at CERN by S Watts (Brunel), F Lemeilleur (CERN) and
G Lindstroem (Hamburg). The meeting included representatives from the silicon wafer and
detector industry in Europe, groups working on radiation effects, and academic
semiconductor specialists. The workshop resulted in a clear plan of action for future work
and showed the need for collaborative effort between the various groups and industry if
radiation damage effects are to be understood and minimised at the LHC.
CMS DATA ACQUISITION

The CMS data acquisition system (DAQ) will have to handle unprecendented rates in data
flow and event selection. At the nominal LHC design luminosity of 1034 cm 2 sec1, there
will be approximately 109 interactions/sec. Some 107 electronics channels are anticipated
to produce around 100 MBytes of raw digitised information at 40.08 h4Hz. The task of the
DAQ will be to reduce this flow of data to 1 MByte sized events recorded at approximately
100 Hz for subsequent analysis. This will be achieved by using a combination of custom
designed micro-electronics together with state of the art commercial hardware.
As reported last year, RAL engineers are designing a common architectural structure for the
integration of all front-end electronics systems into the DAQ framework. Data will be read
out in parallel from the front-end subsystems into around one thousand fast dual ported
memory devices, each capable of buffering 1 kByte packets at a rate of several hundred
MBytes/second. The tracking readout system, being developed by several UK groups,
provides the greatest data throughput, and hence the biggest test for this environment.
Together with collaborators from CERN and the U.S, the aim is to have a single CMS data
acquisition prototype chain, from front-end through to filter-farm, implemented within the
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next three years. This will enable key technology decisions, such as the event building
switch matrix, to be carefully appraised and understood in good time for the ultimate
commissioning of the final system in 2004. Already a pre-prototype Front-End Driver has
been designed and test benches are being developed by RAL physicists and engineers using
PowerPC micro-processors,PCI and VME busses.
SIMULATION STUDIES AND TRIGGER
Significant progress has been made in 1995 on the design of the Global Calorimeter Trigger
Processor, which is a UK responsibility. This device will bring together information on
electron/photon and jet candidates found in 18 regions of the calorimeter, and find the
highest energy candidates for transmission to the CMS global trigger. It will also complete
the sums of total and missing transverse energy over the calorimeter. The design uses
modem highdensity connector technology to concentrate all the input information together
in one crate, as shown in figure 3. The design of a Sort ASIC is in progress: this is needed in
both the Global Processor and in the regional processing to find the highest energy
candidates. Algorithms have been identified which can perform the required sort in one
LHC bunch crossing interval, resulting in a significant reduction in the overall trigger latency.
Prototype runs in 1996 will test ideas on the ASIC and on high-speed data transmission,
which are crucial to the system design.
A programme of detector simulation studies is under way to investigate the effect on the
physics performance of various mechanical design schemes. Individual crystals in the
ECAL must be separated from each other, to avoid damage and to allow for reflective
wrapping. The effect of such intercrystal gaps is that some fraction of particles entering the
ECAL are reconstructed with less than their full energy. These low-energy tails can reduce
the detection efficiency for the Higgs particle in the important two-photon decay channel.
Figure 4 shows the variation of the low-energy tail (defined here as events with 1 GeV of
energy lost for a 70 GeV incident photon) with gap size. The tail varies linearly from about
5.5 % of events at 0.3 mm to about 8 % for a 1mm gap. This implies that, while the gaps
should be kept as small as possible, there is no threshold in the gap size where the
calorimeter performance degrades dramatically.
The RAL sub-unit design, and a similar proposal from Ecole Polytechnique, have also been
simulated. In these schemes, material is placed between the crystals to form a strong
alveolar structure. The materials which have been proposed are titanium and a glassfibre/epoxy composite. The energy resolutions obtained are shown in figure 5, with a
0.5 mm air gap for comparison. It will be seen that placing 0.5 mm of glass-fibre/epoxy
composite, or 0.2 mm of titanium, in the gap has no visible effect on the resolution, while
0.5 mm of titanium produces a very slight broadening of the peak. This figure demonstrates
that the alveolar designs do not compromise the physics performance of the calorimeter.
Physics simulation work on the Higgs two photon decay channel, the main justification for a
high resolution electromagnetic calorimeter, was continued with detailed studies of pizero
rejection and the problem of locating the vertex at high luminosity.
SUMMARY
The CMS project has made substantial progress in 1995, both globally with the
recommendation by LHCC that the experiment be approved, and more particularly in those
areas where the UK institutes are involved.
The tracker groups have made a great deal of progress in developing radiation-hard readout
electronics, leading to a successful test of the 128-channel APV5 front-end chip, and the
fabrication and radiation testing of the RD20 amplifier. In addition, an optical fibre link
has been demonstrated and radiation tested up to 20 Mrad.
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The ECAL test beam array exceeded the resolution milestone of 0.6 % at 100 GeV with fast
APD readout, while the electronics noise was reduced to less than 15 MeV per channel using
new preamplifiers designed in the UK. A new mechanical design of the ECAL has been
proposed, based on an alveolar structure, which would facilitate handling and construction.
Simulation studies have shown that the proposed designs should achieve the physics
performance demanded of the calorimeter.
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MEASUREMENTSOFTHESPINSTRUCTLJREOFTHENUCLEONATHERA
Proposal 780

THE HERMES COLLABORATION

Alberta, Argonne, Caltech, Colorado, DES Y, Erlangen, Frascati, Illinois-Urbana,
INFN-Rome, Liverpool, Mainz, Marburg, MIT, MPI-Heidelberg, Miinchen, NIKHEF,
New Mexico State, Pennsylvania, St. Petersburg, TRIUMF, Wisconsin, Yerevan.
Introduction
The HERMES collaboration was set up to make high precision’ measurements of the
spin structure of the nucleon by means of deep inelastic lepton scattering. It uses the
27 GeV polarised positron beam available at the HERA electron storage ring in
conjunction with internal polarised gas targets. A magnetic spectrometer, with gas
microstrip, proportional and drift chambers for particle tracking, is used for momentum
measurement of scattered positrons and hadrons. A calorimeter, Cherenkov detector
and transition radiation detector provide particle identification. The experiment was
installed in the HERA East Hall during the 1994-95winter shutdown and was in full
data taking mode for the whole 1995 running period.
Polarised Tarqets
A gaseous He-3 polarised target was used during the 1995 running period. This is
effectively a polarised neutron target. The He-3 atoms are polarised by metastability
exchange optical pumping and fed at a rate of 2 x 10” atoms. s-’ into a storage cell
located in the positron beam. The polarisation is around 50% and the target thickness
is maximised by operating the cell at low temperatures, which are normally in the
range 15 to 40K. The Liverpool Group designed and commissioned the cell cooling
system. The group was also involved in the design, development and construction of
the components which minimise the beam wake field interaction on the target
components.
Experimental Proqramme
The HERMES detector system was commissioned during the first phase of the running
period. There were initially severe background problems due to.synchrotron radiation
generated in the positron beam focusing and steering components. This was cured
after intensive effort by HERA to optimise the beam steering parameters. The primary
purpose of the data taking phase of the 1995 running period was to make a precise
measurement of the neutron structure function [gJ over as wide a range of Bjorken
x as possible. A total of 5.5 million deep inelastic events was recorded, with a mean
beam polarisation over 50% and Bjorken x values in the range 0.015to 0.6. These
data are currently being analysed. The HERMES spectrometer has excellent particle
identification facilities [see fig. 21 and the Liverpool Group is involved in a preliminary
study of semi-inclusive hadron asyrnmetries which should provide unique information
on the flavour dependence of quark helicity distributions in the nucleon.
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OptoElectronic Modulator Readout for LHC Tracking Detectors.

P803

I.Dawsoii, .I .D.Dowell, R.J .Homer, I.R.Keuyon, S.J.Oglesby, H.R.Shaylor, J.A. Wilson.
School of Physics and Space Research, CJniversity of Birmingham, PO Box 363,
Birmingham B15 2TT.

Introduction
Data transfer froiii tlie frontend of LHC experiments is only feasible via optical fibre links
whic.li, compared to copper twisted pairs, reduce the volume of material by a factor of ten
and tlie iiuiiiber of radiation leiigths by a factor one hundred. In addition; ground loops,
electronic pickup between channels and' tlie need for high power drivers are eliminated.
Possible iiieaiis of converting tlie electronic signals at tlie frontend to optical signals rely
on either active eleiiieiits (lasers or LEDs) or passive modulators. In tlie case of modulators, the light source is a laser at tlie electronics barrack aiid is transmitted by fibre to the
niodulator. Electronic signals applied to tlie iiiodulator affect tlie light level it transmits
(or reflects) and this amplitude modulated light signal is returned to a photodiode in the
electronics barrack for conversion back into electrical signals. The design, construction
aiid proving of passive iiiodulator technology has beeii carried by tlie RD23 collaboration
(spokespersons: G. Stefaniiii and F. Vasey) wliic11 includes nine academic institutes and
two industrial partners. Of tlie two possible modulator technologies investigated by the
RD23 collaboration [1,2,:3], that based 011 reflective Multi Quantum Well (MQW) modulators is preferred because the device is coinpact, uses negligible power aiid is polarization
insensitive.

Proposed System
A proposed optical link for the readout of an iiiiier tracker detector iiiodule is illustrated in
Fig. 1. Data transfer from the frontend uses iiioiio~iiodefibre ribbon, with tlie conversion
froiii electrical to optical signals being performed at tlie frontend by MQW modulators
at an optical wavelength of 155Onm. At the backend a traiiceiver iiiodule, comprising
lasers and photodiodes, mounted on a readout board and connected via optical splitters
aiid couplers, transmit aiid recover tlie optical aiid elec.troiiic signals. As the link is reflective, a single fibre carries light from the laser to tlie the iiiodulator and also returns
the reflected (modulated) light to tlie photodiode. In tlie near future, tlie transceiver will
be hybridised with tlie lasers and photodiodes mounted directly on substrates containing waveguides that form tlie splitters aiid couplers. Another possibility is to integrate
tlie lasers, photodiodes aiid light guides into compact Opto-Electronic Integrated Circuits
(OEICs). Although an attractive solution, tiiiiescale and cost factors disfavour this 01)tion.
To ease tlie ii~stallatioiiaiid maintenance of tlie frontend aiid backend equipment, three
optical link breakpoints are foreseen, two at tlie detector and tlie other at the readout
board interface.

Modulator Characteristics
The modulators are designed and built by GEC-Marconi Materials Technology [4]. They
are vertical cavity semi-conductor structures operated in reflection mode, thus suitable
for fabrication as compact arrays which can be coupled directly to optical fibre ribbons.
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Reflectivity changes of A R
10% have been measured at X
1540 nm for an input
3V, corresponding to the linear range of the transfer function.
voltage swing of A V
As well as being used as transmitters, the MQW devices can also be used reversibly as
1300 nm. This useful feature allows the proposed RD23
photodetectors operating at X
optolink to be used bidirectionally, that is, to send timing, trigger and control information
as well as reading out analogue data.
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3. Restrictions on cooling and power supplies limit power consumption at frontend,
hence device must be low power.
4. Must have high degree of reliability due to minimal access to inner tracker.
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All these points have, or are being, investigated. Irradiation of the MQW chips has been
performed with neutrons (fluence @ 1.3 x 1014 n cm-') and Co60 y rays (accumulated
dose D 20 Mrad) [5]. The spectral reflectance characteristics measured before and after
irradiation did not show any significant change. Similar tests have been done on optical
fibre and radiation hard fibres have been identified. Also based on spectral reflectance
measurements, the induced effects of temperature and magnetic field variations on MQW
chips has been modelled. Studies at Birmingham [6] have shown that for fields up to 4T
there is negligible change in the MQW characteristics.

-
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System Performance
Tlie overall link performance is evaluated by measuring its transfer function (transceiver
voltage output vs. frontend modulator input), linearising it around its quadrature point
and determining tlie linear range of operation for a *l% maximum deviation from linearity. Tlie peak signal to noise ratio (SNR) can then be defined as the maximum linear
output voltage range divided by the output rms voltage noise. The overall performance is
dependent on all individual component^, including fibre ribbons and optical connectors.
Results have been obtained using a 4-channel transceiver assembled with discrete fibre
0.43 V/pW in a bandwidth B
30 MHz. The link uses
couplers, giving a gain of Gt
a looin length of non rad-hard monomode fibre, with two breakpoints based on anglepolished MT-8 connectors. All modulators used to date are 4-channel but future versions
will contain $-channels.
Measureiiients made by both Birmingliam and CERN have revealed that for some of the
better modulators, SNR values of 150 are possible. However, looking at all the channels
on all the inodulators reveals a wide spread in performance, with only 70% of the channels
liaving a signal to rms noise ratio greater than 1OO:l. This is expected to improve with
tlie next phase of inodulator development as tlie assembly process becomes more mature.
Also, the chips used in the current modulator packages have a 50% modulation efficiency
deficit compared to devices issued from previous growths, so a factor of two improvement
is expected by using tlie original chip growths.
Tlie optical link has also been integrated into a complete readout chain in the 1995 AtlasSCT tests in the Ht3 beam at CERN. The set-up incorporated a silicon strip detector
aiid APV5 frontend readout chip; an MQW modulator mounted near the APV5; 1OOni
of fibre ribbon, transceiver and readout using Sirocco modules. Off-line analysis is still
uncler way but preliminary results are encouraging. Figure 2 shows a typical comparison
of tlie default (LED based) readout with the MQW based readout. They agree well. The
signal is seen at 10 units and is measured by summing the (pedestal subtracted) pulse
height informatioii from two adjacent strip pairs and comparing with the noise from those
channels. Tlie noise peak at zero is removed by a 2.5 CT cut.

-

-

-

Future Developments
Birmingham’s role within tlie RD23 collaboration [6,7,8,9,10,11] will be to continue testing
and evaluating various aspects of tli,e MQW-modulator optical link. In particular, a team
comprising CEC/Marconi and the Birmingham group will be modelling and measuring
noise on optical links to understand how this would affect performance of LHC readout.
Studies will also continue on alternative modulator technologies, notably the silicon-based
modulators being produced by Bookham Technology Ltd.
In parallel, the RD23 collaboration will be addressing some of tlie main questions concerning the fully integrated analogue optical link which can be summarised as: (;) does
it offer tlie required performance and reliability, and (ii) can it be produced by industry
in voluine quantity at affordable cost.
The Birmingham group also intends to extend its expertise by studying links using active
sources (LEDs or Laser Diodes) on tlie detector. In particular the MQW laser diodes are
inherently very efficient in terms of optical output power/electrical input power and share
the radiation resistance of tlie MQW modulators; so it is likely that the choice between
devices on the detector could be confined to MQW based devices.
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1

Introduction

The aim of this project has been to develop the elements of a high spatial precision tracking
detector for use in LHC experiments based on silicon microstrip detectors and radiation hard front
end electronics. The project is now reaching a conclusion and the final status report is due to be
presented in January 1996. For this reason, the current report is a brief summary of progress in the
last year. A final summary will be prepared after the concluding status report.
The emphasis in the UK in the last year has been on the completion of the front end electronics
chip, now in a working 128 channel radiation hard form, and on bulk radiation damage studies of
silicon where significant progress has been made in understanding the microscopic origins.

2

Bulk damage studies of detectors

The origin of bulk damage in silicon at the microscopic level has been poorly understood as,
although some defect complexes have been identified in many irradiation studies, there are a large
number of less well understood defects and some of these may be implicated in the observations.
Recently, however, a combination of experimental measurements of primary defect introduction
rates and a numerical model of the evolution of complex defects, has shed more light on the
phenomena which underly the experimental data and may offer real possibilities of hardening the
detector material if the concentration of various impurities, such as oxygen and carbon, can be
altered. A model based on deep acceptor states in the material appears to explain most of the
experimental results on bulk damage in high resistivity silicon detectors. Candidates for the traps
have been tentatively identified as vacancy-oxygen complexes with the aid of numerical
simulations. The concentration of oxygen and carbon in the silicon is important in influencing the
concentration of deep traps and may allow the possibility of improving the hardness of detectors.
The model provides a semi-quantitative explanation of the observed data but needs further
extensions and tests to be fully verified.
Some time ago the suggestion was made that type inversion in silicon could be explained by means
of the creation of deep acceptor states. Deep levels are states found near the centre of the band gap,
while shallow levels are found closer to the band edges. Deep levels can exist in different charge
states depending on other conditions in the material. In unbiased material in thermal equilibrium
the occupation of a state depends on Fermi-Dirac statistics and is calculable if the concentration of
states and their energy levels are known. In biased material the situation is more complex because
the charge state depends on the energy level but also on the density of free carriers. Thus it is
necessary to solve Poisson's equation for the electric field, satisfy the current continuity conditions
and include the correct occupancy statistics.
Such calculations were first carried out by Watts and collaborators at Brunel University. They
hypothesised that after high particle fluences the bulk material was close io intrinsic silicon and,
to simplify the calculations, assumed a single deep acceptor level at the middle of the forbidden
energy gap. Using the measured value of current density as a function of fluence and Shockley-ReadHall statistics, they carried out a numerical semiconductor simulation in which they calculated
the depletion voltage as a function of fluence.
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acceptor state at a given energy level
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In this calculation there is only one free parameter, which is the introduction rate of the acceptor
state. This was adjusted to ensure that effective doping at high fluence conformed with data.
Changing the assumption that the acceptor is not at mid-gap leads to a simple scaling of the result
so that the required introduction rate can be plotted as a function of the energy level of the state
(fig.1). With these simple assumptions it is possible to explain the observed behaviour of silicon
diodes after neutron irradiation: detectors show effective type-inversion when under bias and the
trend of effective doping concentration with fluence is explained well (fig. 2).
The essence of the hypothesis
has been verified by observing
the depletion behaviour of
diodes under illumination; it is
clearly
observed
that
irradiated detectors behave
differently to non-irradiated
ones in a manner consistent with
deep traps being filled by
photo-generated carriers.

A computer model of defect
0
2lOI3 410i3
61013
810”
1 1014’
evolution
which
was
Neutron Fluence (n ern-')
developed to explain optical
absorption data from electron
irradiated silicon has been
Fig. 2. Neff vs 1 MeV neutron flux for n- and p-type silicon. Lines
applied by MacEvoy et al. at
represent fits to data from the RD2 collaboration and symbols are from
model calculations.
Imperial College to attempt to
understand better the concentrations of important defect species during irradiation. Measured
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introduction rates of interstitials, vacancies and primary divacancies from electron and neutron
irradiation were used as input and the model was applied to investigate the evolution of defects in
high resistivity detector material during neutron and gamma irradiation to levels expected at the
CERN LHC. The results were compared in several cases with experimental data in the literature
and found to be in good agreement. Two strong candidates for deep acceptors were identified - V20
and V3O.

3

Electronics

The RD20 front end chip is based on a 50-75nsec time constant amplifier and a pipeline memory
followed by an analogue signal processor, which implements a deconvolution algorithm, to limit
the output pulse to a single beam crossing interval. The pulse processing is carried out by forming a
weighted sum ,of consecutive temporal samples of the amplifier output voltage using a switched
capacitor circuit.
The chip has now been implemented in the Harris AVLSI-RH 1.2pm bulk CMOS radiation
hardened process. The APV5 chip contains 128 channels of amplifiers, pipeline and signal
processing along with a multiplexer. The wafers containing the chips were received in May 1995
and several beam tests for both CMS and ATLAS were carried0 ut over the summer. The chip is
fully functional but there are a number of areas where improvements are required: gain and
pedestal variations, multiplexer speed and excess noise. The origin of each of these has now been
understood and layout is under way for the next submission: the APV6 which should be delivered in
summer 1996. The development continues in the context of the CMS experiment.

Publications since October 1994
Measurements of transistors and silicon microstrip detector readout circuits in the Harris AVLSlRA
rad-hard CMOS process M. Raymond, G. Hall, M. Millmore, R. Sachdeva, M. French, E. Nygird,
K. Yoshioka. Nucl. Instr. & Meths. A351 (1994) 449459
Radiation hard electronicsfor LHC M. Raymond, G. Hall, M. Millmore, R. Sachdeva, M. French, E.
Nygird, K. Yoshioka. Nucl. Instr. & Meths. A360 (1995) 162-165.
Radiation damage studies of field plate and p-stop silicon microstrip detectorsJ. Matheson, H-G.
Moser, S. Roe, P. Weilhammer, S. Moszczynski, W. Dabrowski, P. Grybos, M. Idzik, A. Skoczen, K.
Gill, G. Hall, B. MacEvoy, D. Vite, R. Wheadon, P. Allport, C. Green, J. Richardson, R. Apsimon, L.
Evensen, B. Avset, P. Giubellino, L. Ramello. Nucl. Instr. & Meths. A362 (1995) 297-314.
A microscopic explanation for type inversion and the annealing behaviour of radiation damaged
silicon detectors. J. Matheson, M. Robbins, S. Watts, G. Hall, B. MacEvoy. Submitted to Nucl. Instr.
& Meths.
Defect evoliition in irradiated silicon detector material.
published in Nucl. Instr. & Meths.

B. MacEvoy, G. Hall, K. Gill.

To be

Radiation damage to silicon detectors. G. Hall. To be published in Nucl. Instr. & Meths.
APVSRH: a 128 channel radiation hard pipeline chip for LHC tracker applications
M. French, L. Jones, P. Murray, P. Seller, M. Raymond, G. Hall. Proceedings of 1st Workshop on
Electronics for LHC Experiments, 120-126.
Further experimental support for the deep-acceptor model K. Gill, G. Hall and B. C. MacEvoy.
Paper presented at 2nd International Conference on Large Scale Applications and Radiation
Hardness of Semiconductor Detectors, Florence, May 1995. To be published in I1 Nuovo Cimento.
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CERN-RD42

Diamond Detectors

Proposal 812

MPI-Heidelberg; LEPSI, Strasbourg; Rutgers University; CPPM, Marseille;
IHOA W,Vienna; Ohio State University; Bristol University; Los Alamos National Lab.;
CERN; Sandia National Lab.; Lawrence Livermore National Lab.;
Universita di Pavia; University of Toronto

The physical properties of diamond are exceptional in many ways, in particular they
are well suited to its use as a solid-state detector in radiologically harsh environments.
The available evidence is that diamond is extremely resistant to radiation damage while
silicon undergoes substantial changes at the fluences expected after a few years operation
of a vertex detector at the LHC. Cosequently devices similar to silicon microstrip or pixel
detectors but made of diamond are very attractive, and are feasible because the Chemical
Vapour Deposition process makes it possible to manufacture microcrystalline diamond in
thin sheets of adequate area.
The principal drawback of diamond is the small signal size. This is in part an unavoidable consequence of the smaller number of electron/hole pairs created by minimum-ionising
particles travelling through diamond, but is also a result of the trapping of moving electrons and holes within the material. The performance of a particular sample may be
characterised by quoting a “charge recombination length” which is the mean separation
of electrons and holes before they become trapped. Over several years the RD-42 group
has collaborated with a commercial producer of CVD diamond in the USA ( the Norton
Steel Company, now owned by the French multi-national St. Gobain ) to improve this
parameter, which is now about 120 p-metres in the best samples.
Over the last year this program has continued, and has been supplemented by successful production of detector-grade CVD diamond by the de Beers company. Diamonds
from both manufacturers have been tested using energetic P-rays in “characterisation stations” at Ohio, CERN and Strasbourg, and information on their performance fed back to
the manufacturers. Some samples have been remetallised with microstrip electrodes and
tested in pion beams at the CERN SPS with encouraging results.
In parallel with this work, RD-42 has been further investigating the radiation hardness
of diamond by exposing some of the test pieces to very intense low energy pion beams at
the Paul Scherrer Institute, to neutron fluxes at ISIS, to a particles at a van-der-Graaf
facility in the USA and at the Max Planck Institute in Heidelberg, and to powerful gamma
sources. So far the results of these tests have been very encouraging. The signal size is
found to increase by about a quarter during initial radiation exposure under high voltage
and thereafter to remain constant up to the highest fluences tested, with the exception of
the a studies which show some degradation at fluences beyond likely LHC exposures.

Publications:
F. Borchelt et al., “First Measurements with a Diamond Microstrip Detector”,
Nucl. Instr. and Meth. A354 (1995) 318.
C. Bauer et al., “Pion Irradiation Studies of CVD Diamond Detectors”
submitted to Nuclear Instruments and Methods A.
C. Bauer et al., “Recent Results from the RD-42 Diamond Detector Collaboration”
invited paper to Hiroshima conference on Vertex Detectors, 1995
W . Dulinski et al., “Recent Results from CVD Diamond Trackers”,
in the Proceedings of the 1995 Vienna Wire Chamber Conference to appear in Nuclear
Instruments and Methods A.
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RD-42: D E T E C T O R CURRENT versus PION FLUENCE
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The diagram shows the current in a diamond detector and a silicon diode simultaneously exposed to an intense pion beam at the Paul Scherrer Institute. The
pion beam fluctuates between two different intensities (both shown as diamonds
in the diagram), and is sometimes off ( stars ). The pion fluence is 4 x 10l2
pions/cm2 on the left-hand side of the diagram and 1.4 x 1013 pions/cm2 on the
right. The cumulative effect of radiation damage in the silicon is clearly visible,
although it is partly reversed by annealing during the beam off periods. Note
the difference in the current scales.
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DENSE, FAST, RADIATION-TOLERANT FLUORO-HAFNATE GLASS
SCINTILLATORS FOR ELECTROMAGNETIC CALORIMETERS I N HIGH ENERGY
PHYSICS
PROPOSAL 883
Brunel University; Rutherford Appleton Laboratory; University of Sheffield
INTRODUCTION
Work has continued on the development of fluoride glasses with a view to understanding
their strengths and limitations as an alternative to crystals in homogeneous calorimeters. A
priority in the work over the last year has been the need to develop techniques for
manufacturing larger blocks, but also, more detailed studies have been carried out to
determine the effects of various dopant concentrations.
GLASS PRODUCTION
The initial hafnium glass formulations used, could only be cast to a maximum of 10 mm
thick. Research has lead to the development of new formulations which can now be cast to
21 mm thick. A block of high quality 21 mm by 30 mm by 140 mm has now been
manufactured at Sheffield University and preparations are underway to construct an array
of 6 calorimeter cells 20 mm by 30 mm by 280 mm for beam line tests.
The work on the development of large blocks was aided by PIPSS grants and there has been
close collaboration with industrial partners from Merck and Johnson Matthey. An
important outcome of this close collaboration has been the demonstration that it is possible
to simplify the processing of the raw materials, and hence reduce their cost, yet still produce
high quality glass by carefully controlling the production conditions, Figure 1 shows the
critical dependence of optical transmission on the atmosphere under which the glass is
prepared.
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Fig. 1 Showing the effect of melting atmosphere schedule on UV transmission
LIGHT YIELD
The scintillation yields were measured relative to a CeF3 crystal using a secondary chargedparticle beam at the proton synchrotron accelerator of the ISIS neutron spallation source at
the Rutherford Appleton Laboratory. The beam line was tuned to accept protons with a
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mean momentum selected in the range from 540 to 750 MeV/c. At these momenta the
protons are below threshold for directly producing Cherenkov light in the sample (the
threshold is 840 MeV/c for a refractive index of 1.5). This is an important consideration
since even a small contribution from Cherenkov photons can bias fits to scintillation decay
curves. Scintillation light was detected by a Thorn EMI 9814QKB photomultiplier. The
photomultiplier signal was recorded on a 1 G Sample/s digital oscilloscope, using a gate
width of 500 ns.
For a given basic glass composition, the light yield was found to increase monotonically with
cerium content up to the maximum concentration that could be incorporated into a stable
glass. Typically, a glass containing cerium fluoride at a concentration of 5% (molar) gives a
light output per MeV of energy deposited which is approximately 10% that of a cerium
fluoride crystal. Figure2 shows the variation of light yield with cerium fluoride
concentration for a set of glasses with a composition HBCeAN.
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The measured light yield plotted against CeF3 concentration, for a set of glasses of
composition 'HBCeAN'. The yield has been normalised to unity for 5% CeF3
concentration.

DECAY TIME SPECTRA
Scintillation decay time spectra were obtained by two methods. In one approach, several
thousand individual digitised wave forms, recorded with protons at ISIS, were summed to
give an average pulse shape. The other measurement, performed at Brunel University, used
a standard delayed singlephoton technique, with an additional multi-photon veto logic.
The sample was excited by an annihilation photon from a 10 mCi Naz positron source, the
other photon was detected in a BaF2 crystal which started a fast time-to-amplitude
converter. The data were collected over a time window of 2000 ns, with a single-photon
timing resolution of 1.40ns.
Figure 3 shows a typical decay time distribution obtained with protons. In the range from 0
to 250 ns, the curve is well fitted by the sum of three exponentials:
I( t) = b(ae-t/%+ be-tk + ce-tk)
6 2and the coefficients a, b and c are in the ratio
whereq =11 ns, 9 = 25 ns, ~ ~ = ns

0.16:1.0:0.26.
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Since the three terms are strongly correlated in the fit, the decay spectrum is more usefully
characterised by considering the fraction of the light yield contained within a given time
interval. Integrating under the curve, one finds that 53% of the light is emitted in the first
25 11s. This result is very similar to that obtained with a single crystal of CeF3.
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Figure 3

The measured decay time spectrum for scintillation light from a sample of Ce doped
fluorohafnate glass (HBCeALi). The smooth curve is a fit to the data and is the sum o f
three exponential terms: I(t) = lo(act/fl + bc-'/fz +ce-'/7~)whcre 71 = 1 1 ns, 72 = 25 ns,
zj = 62 ns and the coefficients a, b and c arc in the ratio 0.16:1.0:0.26.

TRANSMISSION AND EMISSION SPECTRA

Emission spectra have been measured using X-ray (- 9 keV) and ultraviolet light (284 nm)
excitation, with similar results. Figure 4 shows the fluorescence spectrum obtained for a
fluorohafnate glass (HBCeA) containing CeF3 at a concentration of 8% (molar). The
spectrum is dominated by an emission band centred at 320 nm, which is attributed to
radiative transitions from the lowest excited 5d-level of Ce3+, to the 4f ground state.
The optical transmission as a function of wavelength is shown on the same plot. It can be
seen that the emission spectrum lies close to the band-edge. Good optical transmission just
above the cut-off is therefore crucially important for detectors using large blocks of glass, if
significant self absorption of scintillation light is to be avoided.
RADIATION DAMAGE

Radiation damage in glasses is characterised by the development of optical absorption
bands which result from the creation and population of defects known as colour centres.
The development of these absorption bands is consistent with the irradiation creating and
populating new defect sites and the sites relaxing either spontaneously or as a result of
irradiation, or both. The absorbance at a particular wavelength saturates as a function of
dose.
In an LHC experiment the radiation dose in the electromagnetic calorimeter will be
dominated by electromagnetic showers produced by high energy photons from po decays.
As a result, the dose will vary with depth in the calorimeter (being greatest at the position of
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the average shower maximum) and will be higher close to the direction of the colliding beams
(the 'forward' regions) than at larger angles with respect to this axis (the 'central' region).
The estimated dose in the central region, averaged over the first eight radiation lengths of the
detector, is 0.4 kGy/year. In order to investigate the ability of our lasses to withstand
5 0 source at Brunel.
these large radiation levels, samples were irradiated with a 4 Ci CO
Doses of up to 6 kGy were delivered in 5 days (at a dose rate of 12 m Gy/s), corresponding
to more than 10 years of operation in the central region at LHC.
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Figure 4

Fluorescence excitation and emission spectra for a cerium doped fluorohafnate glass
together with the optical transmission measured for the same sample.

All undoped fluorohafnate glasses studied proved to be quite susceptible to radiation
damage, the internal transmission at 325 nm of a 5 mm thick sample typically falling to 5%
of its initial value after 6 kGy. Studies were therefore made to determine the effect of
various dopants (Fe, Ga, Nb, In, Pr, Nd, Sm, Eu, Gd, Ho, Er, Yb, Lu) on radiation hardness.
In some cases the effect was quite dramatic. Thus for example adding 1.5% (molar) of EuF3
to HBLA resulted in a glass which exhibited negligible damage at wavelengths above 400 nm
for doses in excess of 6 kGy. Unfortunately strong damage was still observed in the Ce3+
emission region from 300 to 350 nm.
The dopant which was found to minimise radiation damage in the Ce emission region is
indium, the magnitude of the effect depending quite sensitively on the concentration
(figure 5). Curve II in this figure shows how the radiation-induced optical attenuation (at
350 nm), measured immediately after a dose of 2.4 kGy (Co60 g-ray), vanes with indium
concentration. The addition of indium has the undesired effect of reducing the light yield
from Ce doped glass, as can be seen from curve I. However, for an indium concentration of
0.5%, which maximises the radiation hardness, the loss in light yield (from a small sample)
is only 30%.
Since the radiation dose received by a calorimeter at LHC would be spread over the ten year
lifetime of the experiment, the effect of thermal annealing over a long interval at room
temperature should also be taken into account. Curve I11 in figure 5 shows how the
radiation-induced attenuation length varies with indium concentration for a much larger
dose (7kGy delivered in 7 days) followed by storage for 4.5 months in the dark at room
temperatures. Comparing curves I1 and I11 it can be seen that self annealing largely offsets
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the effect of the bigger radiation dose for indium concentrations of 0.8% and above. At
lower indium concentrationsself annealing occurs to a greater degree and this is particularly
evident for the point at 0.2% concentration. However, the optimum indium concentration
still appearsto be close to 0.5%, even allowing for self annealing.
3
14
n

3

L*

a9
E
al

P
0 II: Absorption length after 2.4kGy

12

111: Absorption length after 7kGy

2.5

+ 4.5 months storage

-m
a
1.5 %

10

2

- 8

Ern

2

n

0

6

1 -3

%

4

0

0.5

2
0

Fipre 5

x42

9

U(

3
1

0

4

2
3
InF, concentration (molar %)

5

0

The effect of InF3 doping on the light yield and radiation hardness of a glass with basic
composition 'HBCeAN', containing 5 % (molar) CeF3.
Curve I (triangles) shows the variation of light yield versus InF3 concentration. The yield
is normalised to the yield obtained from a crystal of CeF3 of similar dimensions to the
glass samples.
Curve I1 (open circles) shows the variation of radiation-induced optical attenuation at
350 nm, measured immediately after a dose of 2.4 kGy. (Co60-y).
Curve 111 (crosses) shows the optical attenuation induced by a dose of 7 kGy, followed by
4.5 months storage in the dark at room temperature.
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Figure 6

The light yield as a function of position along the length of a block (dimensions
13 x 3 x 1 cm3) of fluorohafnate glass (HBCeALi) doped with 0.5% (molar) InF3.
The upper curve was obtained before irradiation. The lower curve was measured
immediately following a 0.4 kGy dose (Co60-y) delivered approximately uniformly over
the volume of the block.
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The above studies were performed using small samples of glass (typically 1m 3 ) . In order
to obtain a better understanding of how the results would translate to the performance of a
glass calorimeter, the effect of irradiation on light yield was measured using a much larger
block of glass (HBCeALi doped with 0.5% InF3). The block was 13 cm (8.2 radiation
lengths) long with a rectangular cross section (3 x 1 cm2). For the light yield measurements it
was wrapped in Tyvek and a 2" phototube wasmounted on one end. The proton beam was
directed through the 1 cm dimension at several points along the length. The block was then
irradiated with a dose of 0.4 kGy in 40 hrs (- 1 year dose at LHC), delivered approximately
uniformly over the whole volume, and the light yield remeasured.
The results are shown in figure 6. Both before and after irradiation the light yield shows a
strong variation as a function of distance from the phototube in the region close to the tube,
whereas further from the tube the yield varies rather slowly. The loss of light from the far
end following irradiation is 35%. A full sized detector would be 3 times longer than the
block tested, however, the radiation dose at LHC falls off rapidly after the first 8 radiation
lengths. On the basis of these data we conclude that this particular glass would
satisfactorily survive one year of operation in the central rapidity region at LHC. However,
ten years of operation would require some method of in situ annealing to be devised.

OPTICAL ANNEALING

All the glasses were stored and irradiated in complete darkness to avoid any possibility of
photo-induced bleaching. After spontaneous recovery of absorbance had stabilised, several
glasses were illuminated with light from a 150 W Hg arc lamp. Interference filters were used
to select the 365 nm, 435 nm and 577 nm lines in the Hg spectrum. Lines above 400 nm
were observed to cause little measurable change in absorbance, but the 365 nm line was
extremely effective in reversing the radiation induced optical damage in some fluoride
glasses. Some glasses were found to recover fully (figure 7); whereas Others, including those
doped with indium, recovered only partially.
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Figure 7

The measured external transmission of a fluoro-hafnate glass; (i) unirradiated, (ii) after
6 kGy, (iii) after annealing in the dark at room temperature for 7 months (where strong
recovery is observed), and (iv) after illuminating with a mercury arc lamp for one, hour.
The glass has fully recovered after one hour of optical annealing.

CONCLUSIONS
We have demonstrated that cerium doped fluorohafnate glass could be used as the active
medium in a high performance electromagnetic calorimeter for many particle physics
applications. Radiation damage would be a limitation to use in the harsh environment at
LHC although this might be overcome by optical annealing in situ.
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LaserPlasma Particle Acceleration Experiments
Observation of Electron Acceleration from the Breaking of Relativistic Plasma Waves
Proposal 895
Imperial College, Blackett Laboratory, Prince Consort Road, London, UK
University of California at Los Angeles, Los Angeles, California, USA
LULI, Ecole Polytechnique, Palaiseau, France
Lawrence Livermore National Laboratory, Livermore, California, USA
Rutherford Appleton Laboratory, Chilton, Didcot, UK
Electrons in a plasma undergo collective wave-like oscillations near the plasma frequency.
These plasma waves can have a range of wavelengths and hence a range of phase velocities. Of
particular note are relativistic plasma waves', for which the phase velocity approaches the speed
of light. The longitudinal electric field associated with such waves can be extremely large, and
can be used to accelerate electrons (either injected externally or supplied by the plasma) to high
energies over very short distances. The maximum electric field, and hence maximum
acceleration rate, that can be obtained in this way is determined by the maximum amplitude of
oscillation that can be supported by the plasma. When this limit is reached, the plasma wave is
said to 'break'. Here we report observations of relativistic plasma waves driven to breaking
point by the Raman forward-scattering instability induced by short, high-intensity laser pulses
using the VULCAN laser at the Rutherford Appleton Laboratory. The onset of wave-breaking
is indicated by a sudden increase in both the number and maximum energy (up to 44 MeV) of
accelerated plasma electrons, as well as by the loss of coherence of laser light scattered from the
plasma wave.
For these experiments VULCAN was used in its ultra-high power mode using the technique of
Chirped Pulse Amplification (CPA)2. The system typically generated 25TW, 0.8 ps pulses on
target with a 20 pm diameter laser spot usingfl5 optics. The effective Rayleigh length was 350
pm. The laser was focused onto the well-defined edge of a 4 mm diameter, laminar plume of
helium gas from a pulsed, supersonic gas jet located 2 mm below the focal region. The
maximum intensity of 6 x 10'* W cm-2is sufficient to doubly-ionise the helium gas producing a
fully-ionised plasma over at least 2 mm into the jet. The exponentiation rate In(G($, x)) of the
Raman instability, and therefore of the electron plasma wave, is approximately proportional to
nc. (the plasma density). The plasma density was controlled by varying the backing pressure of
the jet and was measured (through the frequency shift of the anti-Stoke sidebands) to be linear
with backing pressure from 5 bar to at least 18 bar where the electron density was 1.5 x 1019
~ m ' ~Calculations
.
have shown that by varying the density by a factor of 3 results in enormous
changes in the final electron plasma wave amplitude.
Figure 1 shows the electron energy' spectrum measured using a magnetic field dispersive
spectrometer in the forward f/60 cone centred on -die laser axis for three different plasma
densities: 1 . 5 ~ 1 0 ' ~ c m(a-c),
- ~ 1.0x10'9cm~3 (d) and 0 . 5 4 ~ 1 0 ' ~ c m(e).
- ~ The number of
accelerated electrons at a given energy and the maximum electron energy both show a dramatic
increase as the plasma density is increased to 1.5 x 10'9cm-3. The number of electrons above
20 MeV increases by at least two orders of magnitude and the accelerated electron distribution
is rather flat up to 30 MeV where it begins to decrease. The highest electron energies observed
were 44 MeV, the instrumentation limit. We interpret the sudden increase in electrons and
maximum energy, together with broadening of the electromagnetic spectrum, as the signature
that wave-breaking has occurred. The large increase in the number of electrons accelerated at
the highest plasma density is consistent with the wave trapping the bulk of the plasma thermal
distribution function rather than a few tail particles at low plasma densities. Indeed the
(spectrometer-limited) maximum electron energy of 44 MeV is not too far from the absolute
maximum of 70 MeV that a test electron would obtain, limited by dephasing in an ideal plasma
wave with e 1 which is near the relativistic warm-plasma wave-breakinglimit expected for our
plasma conditions.
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Figure 1. Energy spectra of electrons emitted due to the Stimulated Raman
Forward Scatter instability resulting from the interaction of high power
(35 TW) Vulcan laser with a variety of densities of plasma.
We note that the normalised transverse emittance e,=yo68 of any particular energy group from
this experiment is quite small. Here yis the relativistic Lorentz factor for that energy group, 0 is
the source size (-10 pm), and 68 the angular spread (-8 mrad due to the f/60 collection cone).
At 30 MeV, E -57~ m m a d which is low enough to be competitive with modem photoinjector
based linacs.JI- However, the beam current measured here (-1 A in a k 1% bandwidth around
30 MeV) is roughly 10-100 times lower than present-day photoinjector technology. The
tremendous advantage over conventional linacs is the extremely short distance over which this
energy is obtained. As dephasing limits the acceleration length to zf,$q,=300 pm, the 44 MeV
that the electrons gain indicate a peak electric field of over 100 GVm- which would represent
the highest collective wave-field ever produced in a laboratory. Laser technology is advancing
very rapidly and it is reasonable to expect that the average current can be increased through a
combination of higher laser frequencies and plasma densities as well as by increased repetition
rate. Thus, one could envisage in the not-too-distant future a new class of compact accelerators
based, on the breaking of relativistic electron plasma waves which may find applications where
2-200 MeV electrons or photons are needed.
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