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The DO Upgrade 

P. Michael Tots for the DO Collaboration* 

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

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

1. INTRODUCTION 

The original DO detector’ was proposed in 1983, 
with a focus on high pi phjrics using precision 
measurements of e’s, p’s, jets. and missing ET This 
detector. as of the summer of 1992, has swted data 
taking at the Fermilab Collider. However. by 199516 
the luminosity will reach Id’ cr&ec~‘. aod the 
minimum bunch spacing will drop to 3%os from 
the present 3.5~ (by the Main Injector era. lomi- 
oosities will approach Id* cor’sec” and minimum 
bunch spacings may reach 13211s). These changes in 
the accelerator conditions fonx os to upgrade or 
replace a number of detector subsystems in or&r to 
meet these new demands. In addition, the upgrade 
offers us ti oppxturdty to expand the physin hori- 
zons to include Mw only the all important high pj- 
physics menu, but also the low pi physics that has 
become increasingly imparrant. In the following 
sections we describe the DO detector upgrade (DOG. 

The upgrade is described in more detail elsewhere.* 

2. PEYSICS GOALS 

The physics goals of DO@ include the full high pi 

physics menu of the present W detwtor (DOd: top, 

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

2.1. Top Physics 
The discovery and precision maswement of the lop 
mass provides a most promising way 10 oxstrain 
the Standard Model and restrict the range of H&s 
mass. The dilepton (from the IcpIoaic decay of 
the ws from the rquark decays) plus jets &Mel. 

and the single lepton (from just a single leplonic 
decay of the Wj plus jets channel are the principal 
dkawery modes Tk background from W produc- 
tion can be significantly reduced by b-jet tagging 
using their non-zero decay lengths. Studies’ that 
assume 50% tagging cfiiciency sod require at least 
40 kpton plus jet events and 5 dilepton events lead 
10 discovery limits of 165, 195, and 235 GeV for in- 
tegrated luminosities of 100.250. and IWO pb” re- 
spectively. DOp studies be found 7O?h tagging cf- 

ficiencks for a So significance on the two-zero de- 
cay length. 

Studies have shown that the top mass resolution doe 
lo jet energy measurements and to oeuuino motneo- 
tam uncertainties is 25-30 GeVlc’, thus a 5 G&/s 
(SlalisticaI) mass mcasureolcot0fthe1opmasscan 
be acbkvcd titb a sample of about 50 lepton plus 
jets cvenu. For larger samples, systematic errors 
till predominate. The b-tagging capabilities of IBIg 

till reduce the asymmetric tails of the top mas4 dis- 
tribution sod redua systematic errors to the level 
where 6Mt,,p 5 CeVlc’ is achievable. 

2.2. Electroweak Physics 
The upgrade will allow a number of precision elec- 
tmwak twamremenu IO be made, which when 
combined with the top mass measurement will al- 
low a stringent test of the Standard Model. Once 
again, systematic uaanaintia will dominate. Sys- 
tematic uocwtaintia in I+’ production and decay 
can be studied horn the large sample of z-+e+e- 
events. Additional progress in understanding the 
patton distributioos (e.g. the proton u’d ratio) will 
reduce 10 25 MeV that contribution to the uncer- 
tidy, allowing an overall error of 6Mw = 50 MeV 
lo be achieved. 
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The inner solenoidal magnetic field in DOD will 

allow a sign determination for both electrons and 
“wo”s. Thus the upgraded deteaor will provide a 
LEP-zompetitive determination ofA,, the forward- 
backward asymmetry tetween the e’ from a 2 and 
the initial proton direction. A 1 fb-1 sample of data 
would lead to a” error of less than 1% for sin*e, 

2.3. Botlom Physics 
The very large sample of b pairs produced in a lfb“ 
sample (ti5x10t”) prcnide the required data to CzUly 
out stmiies of i3 prodwtion which are nmssary to 
undentand B decay. mixing, and ultimately CP 
violation. The large solid angle coverage for p’s 

(&wn to 1 q / =3), the capability to trigger at small 
at@es (provided by the small angle muon system 
upgrade). and the forward silicon tracking wem 
are the tools with which to aczss the data. 
Some of the physics goats in this area include stud- 
ies of B, decays (about 6x10’ are produced) throttgh 
decays such as B+‘f’pv (ESG5xlo.4). Rare B de- 
cays are also accessible with such data samples. Our 
mdies have also show that B, mixing. which is 
expected to be considerably larger than in the B, 
system, can be measured using B,+Dm, D,-tqn 
decays to reconstmct the E, together with cuts on 
the decay length significance, which are provided 
by the silicon tracker system. A” ultimate goal 
would be the search for CP violation. Our studies of 
Bo-t’t’yK,+ppm decays have show” that the error 
we might achieve on the CP violating angle, sin20, 
is about 0.15. which is four times smaller than the 
present upper litit. A meanrrement of the CP via- 
lating dilepton a.qmmetry is dificult (requiring a 
greater than 6% efficiency), but perhaps within 
reach. 

3. TEE DO UPGRADE 

The upgrade of the present, and running, DO detec- 
tor (refereed to as DO,) is driven by hvo principal 

needs. The first is to accommodate changes in the 
accelerator environment including higher lumiiws- 
ity (from Id0 to SxlV’cm-*St) and shorter times 
between beam bunches (from 3.5~ to 3% ns mini- 
mum bunch spacing) Thus we face the general 
problem that crossing times become smaller than 
drift and shaping tima, and that the high lumi- 
nosities raise the issues of radiation damage and 

pile-up. T’he r&ond IS a change in the physics op 
porhmitia in the late 19905. whem WC e.qcct a 
shift from discovery to precision measurements. and 
the blossoming of B physics at hadron colli&rs (as 
demonstrated by CDR. Forhmatcly. tah”obgicaJ 
adva”asleiostacklebothofthesei~.Inthe 
followi”g seuiolls Ht describe the DO upgrade de- 
tector. 

Present s&d&s indicate that Fetilab will in- 
creasethenunberofbunchesinthe~hi~from 
6x6 to 36x36 for collider Roe II (late 1995). with 
the highest lmninositia reached in the Main Injec- 
tor Run 111 (21998). At the very highest lmninosi- 
ties,a99x99b+mchsuuctw “lay lx a&pled. ax- 
responding to 1321~ minimum bunch spaciag. The 
Do upgrak is phased to aaonunodate these a”tici- 
paled ScheduIa. 

3.1 Cah-Jriauter 
The W uranium-liquid-argon Qlorimec~r is intrin- 
sically radiation hard, however the shorter bunch 
spacing introduces a number of problems for the 
calori”ieter sig”aIs. The present calorimeia elec- 
lro”ics has been cqthized to a%xo- Lhe 
noise contributions from (I) electronics, (2) ora- 
nium, and (3) pile-up We presently have a” cffec- 
tive shaping time of 2.2~. A baseline is measured 
before every crossing and subvaded from the pak 
signal value taken 2.2p later. 

The upgrade of the calorimeter el~o”ics requires 
(1) a rc-optimization of the shaping time. (2) the 
addition of a delay in the signal path to acnmmm- 
date the trigger formation time of z2~, and (3) a 
change in the timing of the baseline measurement. 
Thu.5 we prcpose to shorten the shaping tinx of the 
preamp horn zX2p.s to Mns (using a tipolar 
Sallen-Key filter). The et&t of the showr shaping 
times is to incease clccironic aoisc aad &crease 
the uranium and pileup noise. To compensate for 
the increase in elearonic noise wc will replaa all 
p-ps with loww noise (2 JFETs 0” the input) 
devices. A 2ps delay will be added in the shaper 
circuitry to ca3wr the trigger formation time. The 
present design calls for a lumped pammeta delay 
line; other 0ptioo.s are being investigated. The base- 
line sampling till cam in the 3.6+s inter4 be- 
tween the thnx 12kmch supetbunches. 



7%~ response of the system for a precision W mass 
wrenlent has teen simulated This is perhaps 
the man stringent test of calorimder performance. 
Our shdies indicate that the pxformanx of the 
new electronics at the highest eqated huninosity 
at Fermilab of Sxld’~n~~*r’ (36x36 bunch@ is 
equivalent to the expaaed performaDce of the pm- 
ynt ekctronics at a lwninosity of ld’cm-25.’ (6x6 
bunches). The pile-up. from a” average of 2 eYC”lS 
per crossing. degrades the resolution by ~15% and 
amtributes ~100.200 MeV to a syncmatic shift in 
thcWmas3TheWmassshiftscanbemdiedus- 
ing Z events. These conclusions remain essentially 
unchanged even for the shortest bunch spacings 
contemplated for Fermilab of 132~ (99x99 
bun&S). 

3.2 Muon System 
The muon PDT system faces problems similar to the 
calorimeter system, namely that the drill times will 
be larger than the bunch spacing time. In additioh 
the increase in the number of bunches till i- 
the wmic my rate tiess tighter timing windows 
are implemented Them are a number of areas 
where the muon system will be upgradaL 

Faster charge colkclion time will aid in trigger 
formation, thus we will replace the large angle 
moon PDT gas with a faster gas (AICO~CFJ. This 
should lower the drift time from zl.2p.s to zS%Is. 

Since the dril? time will still bc gmatcr tha” the 
crossing time we will oeed to tag ewy event of in- 
terest with a timcstamp associated with a crossing 
number. This will be achieved by providing Ml xi- 
ntillator coverage of the moon PDTs. Scintillator 
sheets, matched to the POT sizes, with wave shifter 
fiber readout will provide a time stamp to within a 
20”s window. The nave shifter fibers will be placed 
in grooves in the scintillator and read cut by photo 
multiplier tubes. In this way we achieve full and ef- 
ficient coverage. The present deteclor uses acrylic 
scintillator with wave shifter bar readout on the top 
of the detector only. 

The incmased luminosity will put sevem stmins on 
the small angle muon system (SAMUS) for both de- 
tection and triggering. However it is crucial for W 
to maintain the Ml muon coverage it pmsently has, 
thuswctiUptideasmaUallchamberinthat 
region to deal with the huninodty imeua. These 

two dimensional cbbers will pm\ide the ruxs- 
saq granularity to trigger on sl~ll angle k’s, 

The increased rates in the SAMUS will require im- 
provements to the muOn ekctrolllcI including (1) 
double hit capability for drift time nwasmements.. 
(2) incrrascd spatial resolution at the trigger level, 
and (3) an iKTcav in the digitization speed. 

3.3 Trigger lad DAQ 
The basic trigger problem is evident. The raw rate 
will incrcav by about two orders of magnihxle 
(SMHz at a luminosity of Id*) ow the original 
design luminosity Some of the upgrades are well 
defined, and involve e.xpanding the number and 
complexity of the Lzvel 1 (dead time-free) trigger 
system. The ba”dwidth into Ixvcl 2 
m@=JP- r fmn) will be iwxeaszd by using 
additioml data paths The throughput will be in- 
cmasedfromatoot400HztolKHzTheincrcased 
load in Level 2 will k addressed by using “we 
powerful prccessors and/or co-pmxsso 0. The out- 
put rate from Level 2 will k increased fnxn 2Hz to 
abut IOHZ. I” addition to these relatively straight- 
forward upgrades, we anticipate the nad to imzor- 
porate fiber trigger options. more sophisticated 
caIorimeter tfiggers. correlations acmss dEerent 
detector systems. The pmcise form and require- 
ments for these triggers will require us to gain cx- 
perience with the existing system. 

3.4 Tracking System 
A mapr component of Ihe D0 upgmde is the full 
replacement of the present tracking *em that 
cm-kt.5 of a jet cell vertex drill chamber (Vno, a 
TRD. and an outer jet cell drift chamber (CDC). 
The small angle regions are covered by forward 
drift chambers l.mc) that prtide e a”d Ip aordi- 
nates. These relatively large drifl cell bias till 
suffer from event pile-up at high luminosities, and 
tier a one year nm at luminosities of IO3 I they will 
have aozwmdated 1 C/m of charge on the inaemwst 
wim and will start to show a perfomua degta- 
daliOIl 

Tk replacemeat syaem till consist of a” iMer 
silicon micro strip tracker smmudcd by a rintil- 
lating fiber tracker inside a soknoidal magnetic 
field. Surrounding the supcrwnduccing coil till be 
a preshoww detector. A schematic view of the 
trading system is giett in Fig. 1. This syslcm will 



allou for opxation at ld’cm.‘s- with 132”s beam 
crossing. measurement of AJX~ over hr3 with suf- 
ticient aoxracy to detctine the sign of the charge 
of electrons and to lboo”stmct exclusive B &cajT. 
good patter” recognition for isolated particles, and 
sufficient Yertcx resolution to identify B decays lKar 
jets The tracker will enhance the identification of 
electrons in the calorimeter thtwgh E and p corn- 
parisons, and by extrapolating &date tracks into 
the preshower. 

consist of four ladders (96 cm total length). and the 
innermost layer (at F2~7 cm) wnsists of tuo lad- 
ders (48 cm long). The disk system amsists of Owe 
sxyks 6% F, and W which provide coverage to q=3. 
The E. F disks are similar (see Fig. 2). consisting of 
wlvc 2-sided wxIge detectors on which the m 
pitch strips nm parallel to one of the radiaUy ex- 
tending edges on OM side. and parallel to the other 
edge on the other side This geomeq prc+dcs 300 
rcenosmpic space point nwasuremc”t.TheEandF 
disks only differ in their inner radius of 4. I cm and 
2.6 cm RspaivcIy. the Outer radius is IOcm in both 
cases. Tk H disks cover the radial region from 9.5 
cm to 26 cm with single sided 90° stereo angle de- 
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Fik 1 Schematic side tiew of z1/4 of DOD 

tracking system. 

3.5 S&tidal hla@tel 
The supermnducting solenoidal magnet for the DO 
upgrade is required to have the following spxilica- 
tions radius less tha” 72~1. 2T tield. uniform to 
better than 2% for M<O.Sm, thickness C16cm and 
radiation length <1X0. Ien@ of 2.6m. The re- 
quirements are modest are not expected to pose a”y 
“““s”aI tahnical challenges. 

3.6 Siliioo 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 w”sttucM from 6x3.2 cm* single sided Si 
detector planes, with strips of 5Op”1 pitch along the 
6 cm (axial) direction. the logical ““it condas of 
hw deteclors ganged together into 12x3.2 cm’l 
segments, and tw logical units comprise a ladder. 
The wta two layers (al PI 1.9 cm and 14.9 cm) 

Pi& 2 Detail of disk dettio7 

Th rtdout condsts of 128 channel ACcoupled 
svx-Ihype lva&ut chips with 0”bomd digitiza- 
tion. Each side of a acdge detector requires 8 such 
chips mounted at the cuter radius A readout seaor 
omsists of four (eight) arh assemblies in the barrel 
(disk) region. Esch set of assemblies is multiplexed 
and axttmlled through a port card, these signals are 
passed to a secood-lewl multipkxer and amwted 
to oplical signah. The 7oow coding load will be 
handkd by a near-turbulent subatmospheric pres- 
sure water system. The full system umsists of 937K 
siucon channek. 



3.7 Scintillating Fiber Tracking System 
The scintillating titer tmcking system consists of 
four fiber barrel syae”ls at r520. 31.5. 43, a”d 54 
cm. 7hc outer lhree barrels are 2.8m long and the 
innermost one is 2.&n long. Each of the four barnIs 
consisu of an I)-fiber-deep superlayer structure. A 
super layer consists of 4 layers of axial fibers and 
IWO layers each of stetw fibers. The scintillating ft- 
hen are 835~ in dianwter (including a thin 25~ 
thick acrylic cladding), and use 1% pTcrphe”yl, 
IOOOppm 3HF to provide reasonably fast (5-7”s) 
scintillator light pealring at 53Onm. The fibxs M 
coupled to clear wave guides 6-7m long. which 
bring the signals to the photo detat~r~. The full 
system consists of 86,000 fibers. 

The readout device for the scintillating fibers most 
be a high QE, high gain device in order to detect 
minimum ionizing panicla. Using these dcvias We 
can expect worst case photoelectron yields of about 
5 p-e. (at q=O) after being readout with 7m of clear 
wave guide The visible light photon oxmter 
(VI&C) being developed by Rockwell4 is just such a 
device They exhibit high QE of %O?” and they 
operate at cryogenic ~empetahms (6-8K). A beam 
test at BNL has shown the viability of Ihe system. 
and a large scale cosmic ray test (~3,000 channels) 
till be conducted this winier at Fermilab. A” order 
for 5.000 channels of VLFC has been placed with 
Rockwell. 

3.8 Preshower Detector 
The preshower dcteaor is located directly outside 
the coil, and co”Ms of a tapered lead absorber (IO 

/optical isolation grooves 

scintillator ‘I5 - ‘i 

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

prcnide a constanl 2X, radiator when wnbined 
with the coil material) plus six layers of scinlillator 
sheet with wavelength-shifting (WLS) fiber readout. 
The layers are organized in a *wv arrangement 
with a w RCKO angle of *IO”. A sketch shouing a 
section through hvo of the layers is show in Fig. 3. 
The readout rynem is the same VLFC nstem 
desaii above. 

4. TRACKING PERFORMANCE 

Extensive simulation work and measurenw~ts have 
bee” canied OUI on the pcrfomcana oftheupgrade 
tracking system. Some result.5 are presented below. 

4.1 Signing Signiftcaacc 
The solenoid provides a measurement of the Iepton 
sign over much of the solid ulgle, as shown i” Fig. 
4. In prtkdar, the sign determination for the 
leptons from Z decay can be made up to qti 
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Fi& 4 Litits at the 20 (solid) and 30 
(dashed) level for the determination of the 
sign of charged particles vs q. 

4.2 Vcrtedag 
The ability lo use the tracker to reject backgmundt 
in B decays of interest (B+yK, v+p+t) is demon- 
strated in Fig. 5. It shows the distribution of the 
siflcance of Ibe tkcay length @L), Dl&DL), 
in oniu of s@adard deviations for those &cays A 
modest 50 au on the vertex displacement preserves 
z7099 of the signal. 
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Fig. 5 Decay length significara for B-+y 
K,, y++~ events 

4.3 Resolutions 
The silicon strips can provide rerolutiom of about 
10~. and the fibers have been measured to provide 
resolutions, for a doublet of fibers, of nl I@m. The 
first simulations of the Nl pattern raognition 
(silicon + fibers) at 2T field indicate that the resc- 
httioh S&p, has a 0=0.06 for the p’s from Z-+pp 
decays (see Fib. 6). 

dP,/P, 
Fig. 6 &f/p, for the p’s from Z+tp de- 

cays 

Tbe effective mass measurement resolution with the 
upgrade is improved to the level nmaary 10 Carry 
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Fig. 7 Recmxtmcted B mass in B-iyK, de- 
cays. with y and K, “lass anlsuai”ed. 

WI B physics. A study of B-ryK, decays achieves a 
B mass resolution of 20 MeV with v and KS mass 
constrainls (or 73 MeV unmnstmioed). as shown in 
Fig. 7. This is sufticient to reject potential back- 
grounds such as B--+yK,@. 

Tk cffkct of the energy loss in the dead material of 
the coil and the impact of the field has been simu- 
lated. There is 110 observable iafhz-ma of the field 
on the jet energy resdution, or the electromagnetic 
energy resolution after using tbc preabowr deteclor 
to emeet for the energy loses. Figwe 8 shows a 
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pip. 8 Mass resohttions for z-we ewnts for 
the present DO, (dashed) and DO@ (solid) 

with pKaho%wx OmutioN. 



ci~mpanxm of mass resolutions from Z-we events 
for the prwnt DO,. and for DO,, with prahower 

WlTSliOtLS. 

4.4 Tracking RobustMu 
We have studied the pattern recognition robustness 
b comparing the track finding efticicncy for Z+pp 
and d-y’s M the fiber (or VLPC) inefficiency (i.e. 
toming 0tT a fraclion of random fibers). Since the 
algorithm is still being studied, the absolute cffi- 
ciencies may not yet be optimized. but the efficiency 
losses indicate the intrinsic robuanas 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. Occupancia are 
manageable, for ri +/-jets they range from 8% in 
the iMerm& layers to 2.5% in the outer layers. 

c 1.0 e 
.?! 
; 

z 0.9 
F .4 
* 
E 
iz ~ 0.6 
0 
i? 
i: 0.00 0.04 0.06 

Fiber Inefficiency 
Fi& 9 Track tinding efiiciency for Z+pp 
and fi+p’s vs the fiber (or VLPC) ineffi- 
ciency. 

4.5 Eleetmn Identiticatioa 
The magnet and the prahower must replace the 
electron identification abilities of the pRsent TRD. 
The pedortnmce of a preshowr of the type outlined 
abovehasbxntestedinabeam.Bavdontheclos- 
ter @se height, one can achieve pion rejection fat- 
tars from 86-98% with electron el?iciewies of 85- 
100% for emrgia from IO-100 GcV xspectivcly. 

The cluster pulse height distribution for IO CeV 
itidcnt pions and elcctmns is shown in Fig. IO. 

m 160 I 
- Electrons 
,.,......... Pions 

10 CeV 

; 
0 1000 2000 

Pulse Height (Arb units) 

Fig 10 Measured pulse height distribution 
(ah clustering) in a preahowcr tat module 
exposed to 10 GeV electrons and pions 

A high statistics mdy was used to determine UK 
numlxr of falv elestmns that are found for a 
variety of p- of interest (QCD, Z-w. 6. 
BB) afler applying Up and preshowr criteria. CM 
of 106 QCD events aiu@d, 1244 false electrons 
are found, with the preshoaer cuts effective at lower 
pT and hFl.4. and the Cp cuts effective at larger 
pT and smaller angler 

Another possible source of misidentication elw 
trons arc photons that have convened near the in- 
tetaetion region (in the beam pipe or first few d&z- 
tots). These conversions can arise from rr0 decays in 
multi-ja events in which o”e photon is semi&- 
led, or from direct photon events which primarily 
yield isolated high pT electrons The fim back- 
ground was simulated. the second estimated from 
trcent CDF results. Chu studies find that this back- 
gnwnddoes”otdo”li”atetheWa”dZefosssectio” 
to electrons (see Fig. I I). This study did no( take 
advantage of better ttjalion that might be achieved 
by the opening up of the ekxtron-positron pair in 
the tna@wtic field 
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Fi& 11 Inlegmted cmss section for con- 
versions (isolated no ), together with cross 
section for H’aod Z to electrons, and direci 
photon conversions 

5. STATUS OF TEE UPGRADE 

The upgrade is envisioned to be built in steps. The 
first stage implements all the necessary changes to 
accommodale the 3%ns bunch spacing. and replace 
the VIX, which is expozted to be noticeably de- 
graded. Therefore. Step I cw.sists of the upgrades 
to the calorimeter electronics. the muon rintillator, 
muon electronics, some pan of the trigger/DAQ, a 
200K channel silimn tracker (3 barrels and 6 
disks). a 17K scintillating fiber system consisting of 
two barrel superlayers located inside the lRD m- 
dius of I7 cm. Step I is targeted for completion b) 
the smrt of Fermilab Run II (late 1995). With the 
exception of the vintillating fiber tracker. all of the 
above upgrades have bxn approved by Fermilab. 
The scintillating fiber tracker awaits the resuJts of 
the large rale test. 

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