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The DO Upgrade

P. Michael Tuts for the DO Collaboration*

Physics Department, Columbia University, New York, NY 10027, USA

In this paper we describe the upgrade plans of the DO detector at Fermilab.

1. INTRODUCTION

The original DO detector! was proposed in 1983,
with a focus on high p7 physics using precision
measurements of e's, W's, jets, and missing £7. This
detector, as of the summer of 1992, has started data
taking at the Fermilab Collider. However, by 1995/6
the luminosity will reach 103! cm?sec’!, and the
minimum bunch spacing will drop to 396ns from
the present 3.5us (by the Main Injector era, lumi-
nosities will approach 1032 cm2sec’! and minimum
bunch spacings may reach 132ns). These changes in
the accelerator conditions force us to upgrade or
replace a number of detector subsystems in order to
meet these new demands. In addition, the upgrade
offers us the opportunity to expand the physics hori-
zons to include not only the all important high pr
physics menu, but also the low py physics that has
become increasingly important. In the following
sections we describe the DO detector upgrade (DOp).

The upgrade is described in more detail elsewhere 2
2. PHYSICS GOALS

The physics goals of DOg include the full high pr
physics menu of the present DO detector (DO,): top,

electroweak, QCD, new parixle searches, and bot-
tom physics. In most of these areas, the upgrade
will provide significant benefits. Some examples of
the physics capabilities are given in the following
sections.

2.1. Top Physics

The discovery and precision measurement of the top
mass provides a maost promising way to constrain
the Standard Model and restrict the range of Higes
masses. The dilepton (from the leptonic decay of
the Ws from the /-quark decays) plus jets channel,

and the single leplon (from just a single leptonic
decay of the W) plus jets channel are the principal
discovery modes. The background from ¥ produc-
tion can be significantly reduced by b-jet tagging
using their non-zero decay lengths. Studies® that
assume 50% tagging cfficiency and require at least
40 lepton plus jet events and 5 dilepton events lead
to discovery limits of 165, 195, and 235 GeV for in-
tegrated luminosities of 100, 250, and 1000 pb*! re-
spectively. DOy studies have found 70% tagging ef-
ficiencies for a 5a significance on the non-zero de-
cay length.

Studies have shown that the top mass resolution due
10 jet energy measurements and to neutlrino momen-
tum uncertainties is 25-30 GeV/c?, thus a § GeV/c?
(statistical) mass measurement of the top mass can
be achieved with a sample of about 50 lepton plus
Jjets events. For larger samples, sysiematic errors
will predominate. The b-tagging capabilities of DOg
will reduce the asymmetric tails of the top mass dis-
tribution and reduce systematic errors to the level

where 8M 0= 5 GeV/c? is achievable.

2.2. Electroweak Physics

The upgrade will allow a number of precision elec-
troweak measurements to be made, which when
combined with the top mass measurement will al-
low a stringent test of the Standard Model. Once
again, systematic uncertainties will dominate. Sys-
tematic uncertainties in K production and decay
can be studied from the large sample of Z—e”e”
events. Additional progress in understanding the
parton distributions (e.g. the proton wd ratio) will
reduce to 25 MeV that contribution to the uncer-
tainty, allowing an overall error of SMy, = 50 MeV
10 be achieved.
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The inner solenoidal magnetic ficld in DOy will

allow a sign determination for both electrons and
muons. Thus the upgraded detector will provide a
LEP-competitive determination of A, the forward-
backward asymmetry between the e* from a Z and
the initial proton direction. A 1 fb°! sample of data
would lead to an ertor of less than 1% for sin?0,.

2.3. Botiom Physics

The very large sample of b pairs produced in a 1fb™!
sample (=5x10!9) provide the required data to carry
out studies of B production which are necessary to
understand B decay, mixing, and ultimately CP
violation. The large solid angle coverage for p's
(down to |n|=3), the capability to trigger at small
angles (provided by the small angle muon system
upgrade), and the forward silicon tracking system
are the tools with which 10 access the data.

Some of the physics goals in this area include stud-
ies of B, decays (about 6x107 are produced) through
decays such as B—>Wuv (BR=5x10). Rarc B de-
cays are also accessible with such data samples. Our
studies have also shown that B, mixing, which is
expected 10 be considerably larger than in the B,
system, can be measured using B,—D sren, D, —n
decays to reconstruct the B, together with cuts on
the decay length significance, which are provided
by the silicon tracker system. An uitimate goal
would be the search for CP violation. Our studies of
BI9—WK ,—pynn decays have shown that the error
we might achieve on the CP violating angle, sin2f,
is about 0.15, which is four times smaller than the
present upper limit. A measurement of the CP vio-
lating dilepton asymmetry is difficult (requiring a
greater than 6% efficiency), but perhaps within
reach.

3. THE D¢ UPGRADE

The upgrade of the present, and running, DO detec-
tor (refereed to as D0y ) is driven by two principal
needs. The first is 1o accommodate changes in the
accelerator environment including higher luminos-
ity (from 10°? to 5x10*'cm2s'!) and shorter times
between beam bunches (from 3.5ys t0 396 ns mini-
mum bunch spacing). Thus we face the general
problem that crossing times become smaller than
drift and shaping times, and that the high lumi-
nosities raise the issues of radiation damage and

pile-up. The second s a change in the physics op-
portunities in the late 1990s, where we expect a
shift from discovery to precision measurements, and
the blossoming of B physics at hadron colliders (as
demonstrated by CDF). Fortunately, technological
advances It us tackle both of these issues. In the
following sections we describe the DO upgrade de-
tector.

Present schedules indicate that Fermilab will in-
crease the number of bunches in the machine from
6x6 to 36x36 for collider Run II (late 1995), with
the highest luminosities reached in the Main Injec-
tor Run III (=1998) At the very highest luminosi-
ties, a 99x99 bunch structure may be adopted, cor-
responding to 132ns minimum bunch spacing. The
DO upgrade is phased to accommodate these antici-
pated schedules.

3.1 Calorimeter

The DO uranium-liquid-argon calorimeter is intrin-
sically radiation hard, however the shorter bunch
spacing introduces a number of problems for the
calorimeter signals. The present calorimeter elec-
tronics has been optimized to accommodate the
noise contributions from (1) electronics, (2) ura-
nium, and (3) pile-up. We presently have an effec-
tive shaping time of 2.2us. A baseline is measured
before every crossing and subtracted from the peak
signal value taken 2 2ps later.

The upgrade of the calorimeter electronics requires
(1) a re-optimization of the shaping time, (2) the
addition of a delay in the signal path to accommo-
date the trigger formation time of =2us, and (3} a
change in the timing of the baseline measurement.
Thus we propose 1o shorten the shaping time of the
preamp from =2.2ps to =400ns (using a unipolar
Satlen-Key filter). The effect of the shonter shaping
times is to increase electronic noise and decrease
the uranium and pile-up noise. To compensate for
the increase in electronic noise we will replace all
preamps with lower noise (2 JFETs on the input)
devices. A 2js delay will be added in the shaper
circuitry {0 cover the trigger formation time. The
present design calls for a lumped parameter delay
line; other options are being investigated. The base-
line sampling will occur in the =2.6y1s interval be-
tween the three 12-bunch superbunches.



The response of the system for a precision W mass
measurement has been simulated. This is perhaps
the most stringent test of calorimeter performance.
Our studies indicate that the performance of the
new clectronics at the highest expected luminosity
at Fermilab of 5x103'em2s'! (36x36 bunches) is
equivalent to the expected performance of the pre-
sent electronics at a luminosity of 103cm2s'! (6x6
bunches). The pile-up, from an average of 2 events
per crossing, degrades the resolution by =15%, and
contributes =100-200 MeV to a systematic shift in
the W mass. The W mass shifts can be studied us-
ing Z events. These conclusions remain essentially
unchanged even for the shortest bunch spacings
contemplated for Fermilab of 132ns (99%99
bunches).

3.2 Muon System

The muon PDT system faces problems similar to the
calorimeter system, namely that the drift times will
be larger than the bunch spacing time. In addition,
the increase in the number of bunches will increase
the cosmic ray rate unless tighter timing windows
arc implemented. There arc a number of areas
where the muon system will be upgraded.

Faster charge collection time will aid in trigger
formation, thus we will replace the large angle
muon PDT gas with a faster gas (ArCO,CF,). This
should lower the drift time from =1.2ps to =800ns.

Since the drift time will still be greater than the
crossing time we will need to tag every event of in-
terest with a time-stamp associated with 2 crossing
number. This will be achieved by providing full sci-
ntillator coverage of the muon PDTs. Scintillator
sheets, matched to the PDT sizes, with wave shifier
fiber readout will provide a time stamp to within a
20ns window. The wave shifier fibers will be placed
in grooves in the scintillator and read out by photo
multiplier tubes. In this way we achieve full and ef-
ficient coverage. The present detector uses acrylic
scintillator with wave shifier bar readout on the top
of the detector only.

The increased luminosity will put severe strains on
the small angle muon system (SAMUS) for both de-
tection and triggering. However it is crucial for DO
to maintain the full muon coverage it presently has,
thus we will provide a small cell chamber in that
region to deal with the luminosity increases. These

two dimensional chambers will provide the neces-
sary granulanty to trigger on small angle pi's.

The increased rates in the SAMUS will require im-
provements to the muon electronics including (1)
double hit capability for drift time measurements,
(2) increased spatial resolution af the trigger level,
and (3) an increase in the digitization speed.

3.3 Trigger and DAQ

The basic trigger problem is evident. The raw rate
will increase by about two orders of magnitude
(SMHz at a luminosity of 1032) over the original
design luminosity. Some of the upgrades are well
defined, and involve expanding the number and
complexity of the Level | (dead time-free) trigger
sysiem. The bandwidth into  Level 2
{microprocessor farm) will be increased by using
additional data paths. The throughput will be in-
creased from about 400Hz to 1KHz. The increased
load in Level 2 will be addressed by using more
powerful processors and/or co-processors. The out-
put rate from Level 2 will be increased from 2Hz to
about 10Hz. In addition to these relatively straight-
forward upgrades, we anticipate the need to incor-
porate fiber trigger options, more sophisticated
calorimeter triggers, correlations across different
detector systems. The precise form and require-
ments for these triggers will require us to gain ex-
perience with the existing system.

3.4 Tracking System

A major component of the DO upgrade is the full
replacement of the present tracking system that
consists of a jet cell ventex drift chamber (VTX), a
TRD, and an outer jet cell drifi chamber (CDC).
The small angle regions are covered by forward
drift chambers (FDC) that provide 8 and ¢ coordi-
nates. These relatively large drift cell devices will
suffer from event pile-up at high luminosities, and
afier a one year run at luminosities of 1031 they will
have accumulated 1 C/m of charge on the innermost
wires and will start to show a performance degra-
dation.

The replacement system will consist of an inner
silicon micro strip tracker surrounded by a scintil-
lating fiber tracker inside a solencidal magnetic
field. Surrounding the superconducting coil will be
a preshower detector. A schematic view of the
tracking system is given in Fig. 1. This system will



allow for operation at 10°2¢m'2s! with 132ns beam
crossing, measurement of Ap/p over mi<3 with suf-
ficient accuracy to determine the sign of the charge
of electrons and to reconstruct exclusive B decays,
good pattern recognition for isolated particles, and
sufficient vertex resolution to identify 8 decays near
jets. The tracker will enhance the identification of
electrons in the calorimeter through £ and p com-
parisons, and by extrapolating candidate tracks into
the preshower.
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Fig 1 Schematic side view of =1/4 of DOg
tracking system.

3.5 Solencidal Magnet

The superconducting solenoidal magnet for the DO
upgrade is required to have the following specifica-
tions: radius less than 72cm, 27T field. uniform to
better than 2% for {£<0.8m, thickness <lécm and
radiation length <IX,, length of 2.6m. The re-
quirements are modest are not expected to pose any
unusual technical challenges.

3.6 Silicon Tracking System

The silicon tracker system consists of a 3-layer Si
barrel and 28 Si disks. The geometry is driven by
the large 0=30 cm interaction region. Each barrel
layer is constructed from 6x3.2 cm? single sided Si
detector planes, with strips of 50uum pitch along the
6 cm (axial) direction. One logical unit consists of
two deteciors ganged togetber into 12x3.2 cm?
segments, and two logical unils comprise a ladder.
The outer two layers (at r=11.9 ¢cm and 14.9 ¢m)

consist of four ladders (96 cm lota! Jength), and the
innermost layer (at ~—2.7 cm) consists of two lad-
ders (48 cm long). The disk system consists of three
styles (E, F, and H) which provide coverage to n=3.
The E, F disks are similar (see Fig. 2), consisting of
twelve 2-sided wedge detectors on which the S0um
pitch strips run parallel to one of the radially ex-
tending edges on one side, and paratlel to the other
edge on the other side. This geometry provides 30°
stereoscopic space point measurement. The E and F
disks only differ in their inner radius of 4.1 cm and
2.6 cm respectively, the outer radius is 10cm in both
cases. The H disks cover the radial region from 9.5
¢m 0 26 cm with single sided 90° stereo angle de-

Fig. 2 Detai] of disk detector.

The readout consists of 128 channel AC-coupled
SVX-il-type readout chips with onboard digitiza-
tion. Each side of a wedge detector requires 8 such
chips mounted at the outer radius. A readout sector
consists of four (eight) such assemblics in the barrel
(disk) region. Each set of assemblics is multiplexed
and controlled through a port card, these signals are
passed to a second-level multiplexer and converted
to optical signals The 700W cooling load will be
handled by a near-turbuient sub-atmospheric pres-
sure water sysiem. The full system consists of 937K
silicon channels,



3.7 Scintiltating Fiber Tracking System

The scintillating fiber Lracking system consists of
four fiber barrel systems at =20, 31.5, 43, and 54
cm. The outer three barrels are 2.8m long and the
innermost one is 2.6m long. Each of the four barrels
consists of an 8-fiber-deep superlayer structure. A
super layer consists of 4 layers of axial fibers and
two layers each of stereo fibers. The scintillating fi-
bers are 835um in diameter (including a thin 25um
thick acrylic cladding), and use 1% p-Terphenyl,
1000ppm 3HF to provide reasonably fast (5-7ns}
scintillator light peaking at 530nm. The fibers are
coupled to clear wave guides 6-7m long, which
bring the signals to the photo detectors. The full
system consists of 86,000 fibers.

The readout device for the scintillating fibers must
be a high QF, high gain device in order to detect
minimurm ionizing particles. Using these devices we
can expect worst case photoelectron yields of about
$ p.e. (at n=0) after being readout with 7m of ¢clear
wave guide. The visible light photon counter
(VLPC) being developed by Rockwell* is just such a
device. They exhibit high QE of >60%, and they
operate at CryOgenic temperatures (6-8K). A beam
test at BNL has shown the viability of the system,
and a large scale cosmic ray test (=3,000 channels)
will be conducted this winter at Fermilab. An order
for 5,000 channels of VLPC has been placed with
Rockwell.

3.8 Preshower Detector
The preshower detector is located directly outside
the coil, and consists of a tapered lead absorber (10

/-optiml isolation grooves

scintillator

Fig. 3 Preshower scintillator geometry
showing two staggered layers and optical
isolation grooves.

provide a constant 2X; radiator when combined
with the coil material) plus six layers of scint:llator
sheet with wavelength-shifting (WLS) fiber readout.
The layers are organized in 2 Zuwvv arangement
with a wv stereo angle of £109. A sketch showing a
section through two of the layers is shown in Fig. 3.
The readout system is the same VLPC system
described above.

4. TRACKING PERFORMANCE

Extensive simulation work and measurements have
been carried out on the performance of the upgrade
tracking system. Some results are presented below.

4.1 Signing Significance

The solenoid provides a2 measurement of the lepton
sign over much of the solid angle, as shown in Fig.
4. In particular, the sign determination for the
leptons from Z decay can be made up to n=3

250 —

— 200

Fig. 4 Limits at the 20 (sohd) and 3o
{dashed) level for the determination of the
sign of charged particles vs 1.

4.2 Vertexing

The ability to use the tracker to reject backgrounds
in B decays of interest (BoyK, w—p) is demon-
strated in Fig. 5. It shows the distribution of the
significance of the decay length (DL), DL/&DL),
in units of standard deviations for those decays. A
tnodest 50 cut on the vertex displacement preserves
=70% of the signal.
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Fig 5 Decay length significance for 8-y
K,, w— events.

4.3 Resolutions

The silicon strips can provide resolutions of about
10um, and the fibers have been measured to provide
resolutions, for a doublet of fibers, of =110um. The
first simulations of the full pattern recognition
(silicon + fibers) at 2T field indicate that the reso-
lation, Sp/py, has a 0=0.06 for the p's from Z—ip
decays (see Fig. 6).
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Fig. 6 dpp/pT for the W's from Z—yp de-
cays

The effective mass measurement resolution with the
upgrade is improved to the level necessary to carry
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Fig. 7 Reconstructed B mass in B—yK, de-
cays, with y and K, mass constrained.

out B physics. A study of 8-»yK, decays achieves a
B mass resolution of 20 MeV with y and K, mass
constraints (or 73 MeV unconstrained), as shown in
Fig. 7. This is sufficient to reject potential back-
grounds such as ByK 0.

The effect of the energy loss in the dead material of
the coil and the impact of the field has been simu-
lated. There is no observable influence of the field
on the jet energy resoiution, or the electromagnetic
energy resolution after using the preshower detector
to correct for the encrgy losses. Figure 8 shows a
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Fig. 8 Mass resolutions for Z—ee events for
the present DO, (dashed) and DOa (solid)
with preshower corrections.
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comparison of mass resolutions from Z—ee events
for the present DO, and for DOy with preshower

cofTections.

4.4 Tracking Robustness

We have studied the pattern recognition robustness
by comparing the track finding efficiency for Z—pyt
and i —'s vs the fiber (or VLPC) inefficiency (i.e.
turning off a fraction of random fibers). Since the
algorithm is still being studied, the absolute effi-
ciencies may not yet be optimized, but the efficiency
losses indicate the intrinsic robustness of the sili-
con-scintillating-fiber tracking system. There is no
catastrophic loss of efficiency even with 10% of the
channels dead, as shown in Fig. 9. Occupancies are
manageable, for ff —!~jets they range from 8% in
the innermost layers to 2.5% in the outer layers.

1.0

0.8

1

Track Finding Efficiency

0.00 0.04 0.08

Fiber Inefficiency

Fig. 9 Track finding efficiency for Z—pup
and ff —y's vs the fiber (or VLPC) ineffi-
ciency.

4.% Electron Identification

The magnet and the preshower must replace the
electron identification abilities of the present TRD.
The performance of a preshower of the type outlined
above has been tested in a beam. Based on the clus-
ter pulse height, one can achieve pion rejection fac-
tors from 86-98% with electron efficiencies of 85-
100% for encrgies from 10-100 GeV respectively.

The cluster pulse height distribution for 10 GeV
incident pions and electrons is shown in Fig. 10
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Fig. 10 Measured pulse height distribution
{(after clustering) in a preshower test module
exposed 1o 10 GeV electrons and pions.

A high statistics study was used to determine the
number of false electrons that are found for a
variety of processes of interest (QCD, Z—ee, o,
BE) after applying £/p and preshower criteria. Out
of 105 QCD events analyzed, 1244 false ¢lectrons
are found, with the preshower cuts effective at lower
prand Mi<L 4, and the Ep cuts effective at larger
p7and smaller angles.

Another possible source of misidentification elec-
trons are photons that have converted near the in-
teraction region (in the beam pipe or first few detec-
tors). These conversions can arise from n¢ decays in
multi-jet events in which one photon is semi-iso-
lated, or from direct photon events which primarily
yield isolated high py electrons. The first back-
ground was simulated. the second estimated from
recent CDF results. Our studies find that this back-
ground does not dominate the ¥ and Z cross section
to electrons (see Fig. 11). This study did not take
advantage of better rejection that might be achieved
by the opening up of the clectron-positron pair in
the magnetic field.
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Fig. 11 Integrated cross section for con-
versions (isolated #0 ), together with cross
section for # and Z to electrons, and direct
photon conversions.

5. STATUS OF THE UPGRADE

The upgrade is envisioned to be built in steps. The
first stage implements all the necessary changes to
accommeodate the 396ns bunch spacing, and replace
the VTX, which is expected to be noticeably de-
graded. Therefore, Step | consists of the upgrades
to the calorimeter electronics, the muon scintillator,
muon electronics, some parts of the trigger/DAQ, a
200K channe! silicon tracker (3 barrels and &
disks). a 17K scintillating fiber system consisting of
two barrel superlayers located inside the TRD ra-
dius of 17 cm. Step | is targeted for completion by
the start of Fermilab Run II (late 1995). With the
exception of the scintillating fiber tracker, all of the
above upgrades have been approved by Fermilab.
The scintillating fiber tracker awaits the results of
the large scale test.

The remainder of the upgrade: full silicon and
scintillating fiber tracker, the superconducting sole-
noid, the preshower detector, the small angle muon
system, and the full trigger/DAQ are expected 10 be
complete by the 1997 Fermilab collider run.
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