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1 Preface

In June this year, it was proposed to instrument the H1 exyri with a high resolution Fast Track Trigger
(FTT) [1]. Considerable progress has been made with thegrsjnce then. Improvements have been made
in the simulation software, allowing updated and more tkdastudies of the expected FTT performance.
Investigations have been made in which the essential pagasnaf the central jet chamber (CJC) performance
have been varied to check the robustness of the proposegetiigthe case of severe running conditions. For
the most important physics topics, the gain in statistitsretl by the FTT and its systematic limitations have
been quantified. With these results in hand we are now ableethqt more precisely the behaviour and physics
yield of the FTT after the HERA machine upgrade.

This note summarises the new results and answers the questised by the PRC concerning the motivation,
construction, and operation of the FTT. Section 2 elabsratethe physics motivation for building the FTT. In
section 3 the improvements in precision that the FTT willgi®r HERA physics are quantified. Technical
issues related to the performance of the device are distussection 4. Finally, an updated overview of the
tasks and responsibilities of the project is given in secko

2 Heavy Flavour Physics beyond the Upgrade

The prospects for physics in the absence of very high trasswvaomentum particles at the upgraded HERA
were discussed in section 3.1 of [1]. The triggering probgthout a FTT was explained in section 3.2. Here,
we provide additional information on the more importantrige in particular those related to heavy flavour
physics.



2.1 Charm Physics

The unique heavy flavour physics opportunities providedheyupgraded HERA lie in the improvement of
our understanding of QCD. It may also be possible for HERA &kencontributions to charm physics itself
(e.g. through measurements of fragmentation functionsanches for rare decay modes). Although the overall
charm yields are unlikely to be large enough to seriouslypetawith other experiments in this regard, HERA
provides an environment for such studies that is compleangmnd those available elsewhere.

It has already been shown that the contribution of eventsagming charm is very large at low at HERA.
The fractionF’s¢/ I, of charmed final states varies between approximat@y at Q? ~ 1 GeV? and30% at

Q?* ~ 100 GeV? [2, 3]. A correct treatment of the charm contribution is #fere an essential ingredient of
any QCD model of lonz: HERA data. However, only a small fraction of the charm yia@dbservable, due to
the very low branching ratios to detectable channels. Madielr luminosities are required in order to test the
treatment of charm directly in the data to the precision iregifor models off.

The proper way to deal with charm (and beauty) productionl® B a largely unanswered question in QCD.
The presence of a second hard scale arising from the chamk mpaas: . leads to problems in the convergence
properties of perturbative series, which contain termshefformin Q2 /m?. For Q? ~ m?2, the generally
accepted procedure is to produce charm entirely via therbgheon fusion (BGF) procesg g — cc¢, the
initial state proton containing only light( d, s) quarks. Wher&)? >> m?, charm is usually treated as a fourth
flavour in the proton sea with zero mass, evolving in the samenar as the light quarks. Several competing
models exist for the merging of the two schemes at internbedja [4, 5]. High precision charm data are
required to provide a testing ground to distinguish betwbese different possible procedures.

Since charm production proceeds dominantly via bosonrglusion at HERA, charm data are sensitive to the
gluon distribution, which heavily dominates proton sturetat lowz. The best results on the parton distribu-
tions of the proton come from global fits to a variety of dath [Bxcept at the highest values of the gluon
distributionin these fits is basically derived from inchkesdeep-inelastic scattering data, essentially through th
scaling violations of, (z, %) [6]. However, such fits are dependent on the use of the DGLAB @@lution
equations [7] and are relatively insensitive to any failimrehe underlying theoretical framework, for example,
due to the effects of BFKL dynamics [8] at law

The most attractive direct methods of obtaining the glustritiution of the proton are by studying dijet events
and charm production in DIS by the BGF process. Matters amgptioated in the case of dijet production by
the background to BGF arising from the QCD-Compton proeé&gs— ¢g¢. In addition, large values aof are
kinematically required in order to produce high transvensenentum jet pairs, restricting the kinematic region
in which the gluon distribution can be extracted. Charm messents thus provide the cleanest direct means of
extracting the gluon distribution of the proton and explatarger kinematic region than is possible from dijet
production. At the very least, charm data provide an impurtast of the QCD factorisation theorem, which
implies that the gluon distributions extracted from charmtadand from fits td*, data should be identical. At
best, charm data could identify deficiencies of the theothé&low region.

By studying particular types of final state, the gluon disitions of the photon and pomeron can also be
measured. Here, there is little alternative to direct mediextraction of gluon distributions. HERA dijet data
already provide the best constraints on real photon streietilowsz and on virtual photon structure throughout
the kinematic phase space [9]. With better statistics,laimainalysis of charm events will be possible. In
diffractive scattering, the gluon distribution of the paw, as extracted from QCD fits to the diffractive DIS
cross section, has very large uncertainties [10]. Despégbor statistics, hadronic final state measurements
are already proving competitive in their sensitivity to ff@meron gluon distribution [11, 12].



2.2 Beauty Physics

The study of beauty production at HERA has barely begun, dtlestvery low production cross sections. How-
ever, with sufficient statistics, all of the planned prognaenof charm physics is equally applicable to beauty.
It is very interesting that the first HERA measurements inltbauty sector [13] reveal cross sections that are
substantially larger than those predicted in the low ordé@CD. By contrast, despite some disagreements
in differential distributions, the overall charm crosst&mtis consistent with predictions [2]. It is essential to
obtain much larger samples of beauty events in order tofilgage whether this apparent discrepancy is merely
a statistical fluctuation or whether there are real deficenm the theory. Since the cross section is heavily
dominated by photoproduction, it will be crucial to triggements at the lowesgp? if useful statistics are to be
collected. After the upgrade, it will certainly not be pdssito trigger beauty (or charm) events in photopro-
duction without the FTT, as rates will certainly be prohilet With the FTT, a coincidence of 2* candidate

in the central tracker and and an electron in one of the lovieatagigers- would give an acceptable rate (see
section 3.2).
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Figure 1: Estimated efficiencies fé» mesons in DIS using the proposed trigger|fof (K 7) — M (D)| <
200 MeV and various choices of cut ahAf. The efficiencies are relative to a sample of simulated avient
which the selection criteria on the polar angles and traisgvmomenta of th&* and its decay products of [2]
are applied. A comparison is made betwdehmesons produced directly in the procespg — cc¢ and those
produced as part of the decay chain following the hard pggs— bb.

The prospects for triggering beauty events with the FTTr #fte upgrade have been investigated using a sample
of simulatedy*p — bb events in which exactly on®* meson is reconstructed, originating from the decays
of theb hadrons. The kinematic range studfe$ 2 < Q% < 100 GeV? and10™3 < z, < 10~'. As usual,

the trigger is based on cuts in the reconstrudiédmass and\M = M (D*) — M (D) for the decay chain

D* = Drgow — K7mgow. The efficiency with which theé)* meson is triggered by the FTT is shown in

1The HERA upgrade will require changesto the H1 low angletedadaggers. However, with a new taggen downstream and an
existing tagge#4 m downstream, the acceptances for photoproduction prosassexpected to be similar to those before the upgrade
[14].

2DIS events only have been studied to date. However, no mijerehces in efficiency are expected in the photoproduatgime.



figure 1. The results from another simulated file with mesons produced directly from a charm quark in the
processy*p — cc are shown for comparison.

Figure 1 demonstrates that the efficiency for triggedingmesons irbb events is slightly better than that for
cc events. The main reason for this is the higher transverseeantumm and higher centrality d#* mesons and
their decay products ifib than incé events (see figure 2 of the original proposal). Losses dueehift in
the D* decay vertex with respect to the overall event vertex aréigiblg, since the beauty hadrons are always
produced near threshold at HERA and the vertex informatiailable to the FTT is not sufficiently precise to
be sensitive to such vertex shifts. The results of this sardyhighly encouraging for the study bphysics
after the upgrade, especially if the FTT can be used in catiom with the central silicon tracker CST (see
section 2.3).

2.3 Relation to the Central Silicon Tracker

Work with the CST continues in earnest and analysis of exggtiata is well underway. However, statistics are
limited thus far and the increased luminosities availalikr ahe upgrade will be crucial if the device is fully to
be exploited.

Although silicon micro-vertex detectors provide a meanstafining very high purity heavy flavour samples, it
is not always possible to identify the secondary vertex aredall efficiencies are relatively low for both charm
and beauty tagging. HERA is at a disadvantage in beauty phiysing silicon detectors compared for example
to LEP. This is mainly because the product of the Lorentzoiacty is typically rather small, such that the
distance between the principal and secondary verticesasuually small. With additional complications due
to multiple scattering, it is clear that other means of idfgimtg heavy flavour physics are, and will always be,
necessary to complement the CST data.

It is not technically possible to use the CST itself to prevadtrigger, since on-line track reconstruction is not
available and the CST consists of only two layers, which deesprovide sufficient redundancy. Triggering
events containing heavy flavour signatures in the CST isdjyreroblematic with the existing H1 trigger set-up.
This situation will become much worse after the HERA upgradeen trigger conditions will become much
tighter. The FTT will thus naturally fulfil the role of triggeg a large fraction of the events that are of interest
for CST studies. The most likely scenario after the upgradkat events triggered by the FTT on the basis of
a charmed meson will form a starting sample for CST analy¥ithout a FTT, heavy flavour events of interest
for CST analysis will be downscaled randomly along with @ller events that do not contain high transverse
momentum signatures.

3 Physics Yields with the FTT

3.1 Expected Yields Before and After the Upgrade

Typically, H1 has so far published measurements of prosexfgelevance to the FTT using data collected up to
1996. Analysis of data taken in 1997 and beyond is well undgriwe have estimated the full volume of data
that will be available for studies of a number of channelwhite full pre-upgrade luminosity by extrapolation
from event yields in 1996. We have also estimated the yiedds ftotal luminosity of600 pb—!, which is
the luminosity expected to be delivered by HERA in the minimproposed four years of running after the
upgrade. Table 1 shows these estimates.

The extrapolation factors for the numbers of events in théetare based on the ratio of luminosities deliv-



EVENTS FROM | ESTIMATED EVENTS ESTIMATED EVENTS

PROCESS 1996 DATA (13 pb~! | 1997 — 2000 (92 pb~! POST-UPGRADE WITH

DELIVERED) DELIVERED) | FTT (600 pb~! DELIVERED)

D*inDIS (@Q* > 2 GeV?) 583 4100 27000

D* in DIS FROMb DECAY 9) (60) (420)

D* in diffractive DIS @ > 2 GeV?) 11 80 510
D¥in~p 788 5500 36000

D* in yp FROMb DECAY (13) (90) (600)
Elasticy® — 7T n~ (Q% > 30 GeV?) 16 110 740
Quasi-elastic//y — utu™ (Q > 2 GeV?) 156 1100 7200
Quasi-elastic//yp — eTe™ (Q* > 2 GeV?) 74 520 3400

Table 1: Event yields for processes of interest to the FT3umsng selection criteria as applied in the most
recent publications [2, 12, 15, 16]. The second column shibevsumber of events on which H1 publications
on 1996 data are based. The third column shows the expeateldenof events that will be available before the
major shutdown, obtained by extrapolation of the figuremftbe 1996 publications. The final column shows
the number of events expected from a sample0dfpb—!, also obtained by extrapolation of the 1996 figures.
The numbers in parentheses are estimated by assumingahatof all D* candidates arise froidecays [2].

ered by HERAS Thus, corrections for the efficiency with which H1 takes déat is usable for analysis are
implicitly made under the assumption that this efficiencyl wvmain unchanged after the upgrade. Trigger
and reconstruction efficiencies are assumed to be compat@lihose for the 1996 run, such that the figures
for the upgraded HERA assume the existence of the FTT. ItldHzeinoted that with the present data rates,
the H1 trigger and data acquisition system is already unablake data throughout the full available phase
space for many processes. Random downscaling of triggefteis required and it is often necessary to apply
rather tight selection criteria in the latter stages of tigger. For exampleD* events in photoproduction are
presently discarded if th®* transverse momentum is calculated at the level 4 stage dfijger to be less
than1.9 GeV. This number should be compared with the analysis cut usd®%6 data ofl.5 GeV. The
data volumes obtained in 1997-2000 therefore do not quéke stith the luminosity relative to 1996 data for
many processes as assumed in the table. The numbers quotkd fae-upgrade yields should be thought of
as upper limits.

The predicted totals of 4100* events in DIS and 5500 in photoproduction available for ysialbefore the
upgrade represent a considerable improvement on thetstised in the published analysis. With these data
volumes, it will be possible to improve the statistical psean on the gluon distribution of the proton (figure 1
of the original proposal) by a factor of around 2.5. Howets still only scratches the surface of the detailed
heavy flavour physics exploration possible at HERA. Addisibstatistics would allow the measurement of the
z,9(z,) distribution as a function both af, and of the factorisation scaje?, which would provide a much
more sensitive test of the underlying QCD dynamics and afrresation techniques.

The predicted yields of /¢ events after the upgrade would allow high precision measen¢s in both DIS
and photoproduction of the elastic cross section difféadiitin both the Mandelstans and¢ variables for
the~y*p system. The elastig/«> cross section is something of a special case in diffractiyesies at HERA,
exhibiting a strong ‘hard pomeron’-typedependence even g* = 0. Large data sets will be required
to answer conclusively the question of whether the centr@ads energy dependence varies wijthin the
manner predicted in models based on the exchange of gluos [4&]. Any change in the dependence
ast varies would imply the shrinkage of the diffractive peakaasated with the slope’ of the pomeron
trajectory. The presence or absence of this shrinkage amiéftendence af)? is a very important question to
the understanding of hard diffraction [19].

3For the estimated yields in the years 1997-2000, it is asduinge HERA will deliver35 pb~! in thee* p run currently in progress.



For the remaining example channels in table 1, it is cleartthastatistics will still be rather poor when the
upgrade takes place. The yields of detectdbienesons from beauty decays and from diffractive processes ar
such that measurements with sufficient precision to sdsidast models will not be possible until well after
the upgrade. As discussed in section 3.1 of the originalgsal vector meson production cross sections are
very heavily suppressed with increasif}g. Only with the use of the FTT after the upgrade it will be pbsesi

to make precision measurements of the elasticoss section in the regid? < @2 $ 100 GeVZ2. This high

()? region is the most sensitive to the QCD dynamics of diffiatti

3.2 Trigger Efficiencies With and Without the FTT

Table 2 of the original proposal showed estimated triggiciencies with and without the FTT after the up-
grade. It is reproduced here in a slightly updated form aketab As stated in the original document, the
numbers quoted are rather tentative, as there are manydictatde factors that cannot yet be taken into
account. For example, the L1 trigger rates depend strongthe beam conditions and on the trigger combi-
nations actually used. These will have to be optimised #ftelupgrade, but the discrimination at L2 and L3
available from the use of the FTT is likely to allow L1 rategémain rather high.

Full details of the assumptions made in producing the tal@gyaen in appendix A. Note that for some chan-
nels, other means of triggering are possible in additiomésé based on tracks. The triggering efficiency for
W — uv based on a relatively unbiased muon trigger woul@d%eafter trigger downscaling without the FTT
due to the high level 1 rate of such a trigger. The overall kiger efficiency for this channel would be larger
if, for example, a missing, trigger were used in conjunction with the muon trigger. Hegrethe threshold of
the missing, trigger would restrict the kinematic region available foe tmeasurement considerably to about
20-30% depending on the actual cut. For channels such a@atiusalso for heavy vector meson an¢idecays

to lepton pairs), the FTT would complement other methodsigféring.

trigger rates visible trigger
with FTT [HZ] cross section  efficiency [%]
Process L1 | L2 L3 ovis [PP] | With FTT  without
D* decay (DIS) 160-500| 30 5 150 70 1
D* decay ¢-taggedy p) | 120-500| 25 4 100 60 1
p— wtr~ (DIS) 40| 2.5 1 5000 80 2
I — eepup 50| 20| 1-3 1000 12-60 1-3
v — €6, 1l 50| 5052 1.5 12-60 1-3
W — pv 20| 1 0.3 0.1 70 3

Table 2: (slightly modified from original proposal). Estiteaf trigger rates and their reduction at the three
different levels with and without the help of the Fast Trackg@er. The total visible cross section is also shown.
The rates are tentative and scaled to the expected peakdsityinf70 zb~'s~!. The L1 triggers used and L2
and L3 conditions applied with the FTT are described in appeA. The trigger rates for vector mesons differ
for elastic and inelastic production because of the vargiifectiveness of the track multiplicity requirement.
Note thatD* mesons produced indecays or in the diffractive channel are indistinguish&taen the bulk of

D* candidates at the trigger level and are thus subject to time sdficiencies with and without the FTT as
those shown in the table.

3.3 Gain as a Function of Kinematic Phase Space

It is not possible at this stage to anticipate in detail tiggiring strategy after the upgrade in the absence of a
FTT. However, it is possible to make some more general seiehibased on the current procedures.
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Where the scattered electron is identified in the liquid argalorimeter Q? 2 100 GeV?), H1 currently
accepts all triggered events. This is also likely to be trse GHter the upgrade. In tli¢? = 0 photoproduction
regime, events are universally discarded unless spegiahtires for interesting events are identified by the
trigger.

At intermediate)?, where the electron is scattered into the backward spag8B&CAL) calorimeter, there is
already considerable event reduction unless specialtsigesaare identified. A system of random downscaling
is applied at the level 1 trigger stage in order to restrietitiput rate to the level 4 filter farm to a manageable
level. The downscaling factor varies with the luminositgavith the radial position of the electron cluster, and
is largest at lowQ?. It is possible that after the upgrade, minimum bias SPAC#ggers will be completely
disabled. The best scenario is that the total SPACAL L1 dutte will be maintained at a similar level to the
present. The HERA upgrade is expected to yield a factor afrobdncrease in instantaneous luminosity. As
a working hypothesis, we therefore assume that the prefatas applied to SPACAL triggers will also be
increased by this factor.

On the basis of these assumptions, table 3 summarises thetedgosses of efficiency due to random down-
scaling in the absence of a FTT for average luminositiesrbedad after the upgrade. Note that the prescales
at peak luminosity (as considered in table 2) are at leasttarfaf two larger than those shown here. The
figures apply to any process that cannot be identified usimgdiny stages of the trigger. Thus, certain types of
easily identified signature, such as higtjets or muon pairs, would not be subject to these losses niesftiy.
More complex signatures of the type that the FTT is requioedéntify, such agD* candidates, require more
information and complex computing operations. This is enély realised at the level 4 stage of the trigger.
Events such as those containibg or p candidates will therefore be subject to the downscalingraedlting
efficiencies as shown in table 3 along with the bulk of evertictvcontain no unusual signatures.

‘ Q? H PRESENT PRESCAL& PRESCALE AFTER UPGRADE. RESULTING EFFICIENCY (%)‘

0 o0 o0 0

5 5 25 4
40 2 10 10
150 1 1 100

Table 3: Expected level 1 prescales at average luminobitiese and after the upgrade for events triggered on
the basis of an identified electron and minimal track requoésts, where no further interesting signatures are
recognised at the trigger level. The figures for after theragg assume that there is no FTT.

3.4 Systematic Limitations

As explained in section 3.2, statistical limitations aikeely to remain severe for many of the processes of
interest until well after the upgrade. Nonetheless, it wlflarly be crucial to obtain the triggering efficiency
for all relevant processes with high accuracy in order tacilarge systematic uncertainties from the use of the
FTT. One important aspect in this is that the triggering ifficy itself will be very high for most processes
of interest. Provided this is the case, small uncertairntigbe efficiency will not lead to large uncertainties
when propagated to final measurements. The trigger effigiefitbe obtained by a combination of detailed
simulation and direct extraction from data.

The operation of the FTT will, for the most part, be digitalch that all features of its operation, including
variations in FPGA loads, can be simulated with full accyrde crucial aspect will be to correctly simulate
the hit finding efficiency of th€) — ¢ analysis in the level 1 board. Considerable effort will cig&ave to be
invested in this aspect of the problem. The aim is to simWH#ate€ track-finding efficiencies to an accuracy at
the percent level, which should be considerably better thanrequired for the majority of applications.
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The FTT efficiency can also be determined directly from thi@.da@his will be essential in order to cross-check
the simulated efficiency of th@ —¢ algorithm. Track segment and full track efficiencies cowddibtermined by
taking samples of tracks reconstructed in the CJC and megdthe efficiency with which the FTT also found
those tracks as a function of the tragk ¢ and¢. It may also be possible to go one stage further and obtain
full FTT efficiencies for a given physics channel such d3*asearch. This could be done by studying samples
of D* candidates collected with a highly downscaled minimalpsieid SPACAL trigger, though statistics may
become a problem in this latter case.

4 FTT Performance

Considerable progress has been made in the simulation dhtéeded FTT algorithms since the original
proposal was submitted. Here we provide an update on thdatieperformance of the trigger and present a
detailed analysis of the robustness of the device.

4.1 Use of the Vertex Trigger

Itis intended that information from the MWPC based levehdertex trigger will be available to the FTT at the
track segment finding stage. This gives coarse informatiothe position of the event vertex in the direction
along the beamline (see figure 3a). It has now been possibieltale thez-vertex trigger information in the
simulation. This leads to a significantly better resoluiiod for tracks. As a result, the expected performance
of the FTT improves considerably compared with the prevgmilation used for the original proposal, where
no vertex information was included. In the following seaspthe performance of the FTT with the updated
simulation is discussed.

4.2 Track Resolution

A poor track resolution results in poor signal to backgrouatios for level 2 FTT cuts in e.gp,. It also
implies that level 3 cuts on invariant masses have to beratbee, decreasing the selectivity of the FTT. The
track parameter resolution is therefore a key-point fordegign of the FTT. Figure 2 (a) shows the simulated
precision of the measurement ofp, for all tracks reconstructed in*Dcandidate events in the year 1997.
Figure 2 (b) shows the resolution @n Both figures show the resolution of the FTT with respect ®fthil
off-line reconstruction. The resolution jn is approximatelyr, = 4%p?. Thating is approximatelys mrad.

The polar angle resolution of tracks depends on two paras)etiee resolution of the-position of theep
interaction vertex and the single hitresolution of the CJC. The primary vertex position is deteed by the
peak position of the:-vertex histogram reconstructed from tracks measured 8yMWPCs. Thez-vertex
resolution for O events is shown in figure 3 (a). The resolution relative tofthieoff-line reconstruction

is about 2.3 cm, which should be compared with the Gaussidthvaf the actuak-vertex distribution of
approximately30 cm. The single hitz-resolution of the CJC is a function of the total collectedrgje. The
dependence is shown in figure 3 (b). Typical amplitudes oftctiikected charge are 500-1000 units resulting
in a single hit resolution of 5-8 cm in the z-direction. Basedthese parameters, the polar angle resolution of
tracks in D' events, shown in figure 4, is approximately 50 mrad.
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Figure 2: Track resolution of the simulated FTT algorithm(@) 1/p, and (b)¢ relative to the full off-line
CJC reconstruction. The tracks studied are taken from alsaph* — K77y, Candidates in 1997 data.
Gaussian fits are shown to both distributions.
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Figure 3: (a) Resolution of the MWPC basedertex trigger with respect to the full off-line reconsttion,
including information from drift chambers designed to megasthez coordinate. The data used are a sample
of D* — Krry.w candidates in 1997 data. The fit shown is to a sum of two Gausk&ributions. (b)
Dependence of the single hitresolution of the CJC, obtained by charge division, on tiiegrated charge
collected at both ends of a wire (arbitrary units) [20].
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Figure 4: Resolution of the simulated FTT algorithnmimvith respect to the full off-line reconstruction. The
FTT z-vertex measurement is taken from the MWPR@ertex trigger and the single-hitresolution from
charge division. The off-line reconstruction also usesimfation from drift chambers designed to measure the
z coordinate. The fit shown is to a sum of two Gaussian distiobst

4.3 D* Finding Efficiency and Trigger Rates

In order to maintain high selectivity and thus keep triggeies as low as possible, it is important that the
resolution of the FTT should be as good as possible on theiamtanass sums that form the basis of the
L3 decision. Triggering on th&®* — D°ry.w — K 770w channel will be realised through cuts on the
reconstructed)® mass and the reconstructed mass differendd = M (D*) — M (D). In figure 5, the
simulated FTT resolution on these parameters is illusirate sample ofD* candidates from 1997 data is
used, subject to the selection criteria with the full H1 mestouction|M (K#) — M (D°)| < 80 MeV and
M(K77ow) — M(K7) < 150 MeV. For this sample of events, the figure shows the distributiotie
reconstructed)® mass (a) and the reconstructed mass differengé (b). The main effect of the improved
vertex treatment is that the® mass is much better resolved (Gaussian width of approxlynage\ieV, which
should be compared with a resolution@f MeV using all available off-line analysis tools with the full CJ
information).

The inclusion of:-vertex trigger information improves efficiencies and regkibackground rates for a given set
of selection criteria in a given channel. The efficiency aigher rate predictions are shown in figure 6a. For
comparison, figure 6b, which is a copy of figure 4 of the origpraposal, shows the efficiencies and expected
trigger rates in the case where no information on the vegewailable. With the-vertex information added,

a selection at the level 3 stage with/ (K#) — M (D°)] < 200 MeV andAM < 155 MeV would give

an efficiency of aroun80%, whilst restricting overall trigger rates to less thahllz at peak luminosity after
the upgrade. Comparable improvements are expected in tfampance of the proposed FTT for all other
channels.
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Figure 5: lllustration of the expected resolution on {d) D°) and (b)AM with the proposed trigger. The
solid points show the distribution for a sample Bf candidates from DIS events collected by H1 in 1997,
reconstructed with the best available off-line analys@s@nd subjected to the selection critdid (K 7) —
M(D%)] < 80 MeV andM (K rnrgow) — M (K7) < 150 MeV. The open triangles show the distributions for
the same sample of events reconstructed using the simutzttbe proposed FTT.

4.4 Robusthess

The details of the running conditions for the H1 drift chamsbefter the upgrade cannot accurately be predicted
at this stage, due to the very large number of parametersaffeatt them. The most pessimistic estimates
suggest that there may be activity on as many as 10% of CJG wira given bunch crossing. Currently the
rate of background hits in the CJC under normal running dard is well below 1%. The FTT must be able
to cope with the increased instantaneous chamber occupadaynust also be able to run with high efficiency
if bad running conditions enforce a reduction in the gairhefdrift chambers.

We have used the simulation of the FTT to investigate theigeéhsof the proposed device to a number of

different types of degradation in the running conditionee Tollowing sections show the resulting effects on
D~ finding, which will be among the most complex final state stgnes that the FTT is required to identify,

and onJ /% finding.

4.4.1 Failure of the MWPCs

It is sometimes the case that there are trips in the forwacgtoiral tracker MWPCs, such thawertex trigger
information reduces in quality or ceases to be availableis clear from a comparison of figures 6a and 6b
that the FTT can continue to provide triggers with reasomaifficiency at times when the CJC is operational
but thez-vertex trigger is not. The loss of FTT triggering efficienayder these circumstances depends on the
channel and choice of trigger cuts, but for the case, the efficiency would drop from arous@ to around
60%.

“The proposed upgrade of the central inner proportional tleesn(CIP) is intended to improve the robustness of:thertex
trigger.
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Figure 6: Estimated efficiencies and trigger ratesfiormesons in DIS using the proposed trigger for various
choices of cut on the reconstruct®d mass and\ M. In (a) the information from the MWP&-vertex trigger is
used. In (b), which corresponds to figure 4 of [1] , theertex trigger information is not used. The efficiencies
are relative to the off-line event selection used in the mesént H1 publication [2] and are calculated using
a sample of DIS events collected in 1997. The expected ratesséimated using a sample of events collected
using a SPACAL electron trigger and are extrapolated to ek puminosity of7 x 103! em~2s~! that the
upgraded HERA is expected to deliver.
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4.4.2 Reduced Single Hit Efficiency

In the simulations, the single hit efficiency is assumed t®¥#g by default. This is similar to the values
achieved with the present D@ track trigger using comparable thresholds to those likelpé used for the
FTT. The effect on track reconstruction efficiencies of degmg the single hit efficiency can be seenin figure 7.
Due to the high redundancy of the proposed FTT (a coincidehasly two of the possible four track segments
is required to form a track, whereas the mean number of seagrtieked for tracks fromD* decays is around
3.5 at95% single hit efficiency), a considerable reduction in singteefficiency can be tolerated before the
overall track finding efficiency degrades to the point wheeeRTT effectively becomes inoperational. For the
most central tracks (pseudorapidity~ 0), the efficiency losses are less than those for tracks atxtinenees

of the CJC acceptancé)( ~ 1.5). This is because the tracks at the extremes of the FTT amuepbften do
not reach CJC2 and thus do not typically pass through alldoomps of wires used by the FTT.

|
|

pt=1GeV
n=0

o
o))

track finding efficiency
o
[0}

all tracks (D7)

0.4
pt=1GeV
n=1.5

0.2

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0
0.6 065 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05

single hit efficiency

Figure 7: FTT track reconstruction efficiencies as a functbthe single hit efficiency. Results are shown for
tracks withp, = 1 GeV in the centre of the CJC acceptange= 1) and at its extreme limit;( = 1.5) and for
an average over all tracks arising frdbt — K7y, decay candidates in 1997 data.

Figure 8 shows the effects on thi# reconstruction efficiency of reducing the single hit effiaig of the FTT.
The efficiencies fall by only arounth% when the single hit efficiency is reduced frar®% to 90%. There

is no reason whatsoever to suppose that the single hit efficieould be as low a$0% in normal operation,
provided reasonable thresholds are assigned ithet algorithm. That the efficiencies remain so high when
the single hit efficiency is degraded in this manner illustsahe overall robustness of the proposed device.
Even when the single hit efficiency is degrade&@é: in the simulation, theD* finding efficiencies remain in
the region of45%. Such a situation is totally unrealistic, but even in thisrgrio, the FTT would still be an
effective trigger forD* finding. We conclude that poor single hit efficiencies arelikely to be a problem for
the FTT.

4.4.3 Worsened:-Resolution
In the simulations performed thus far, theoordinates of hits are assumed to be obtained by charggativi
with a resolution ofs cm (compare figure 3b). The charge division resolution is angtfanction of the gain

of the CJC, so the FTT may have to cope with lower single-higsolution if it becomes necessary to reduce
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Figure 8: Estimated efficiencies and trigger ratesformesons in DIS using the proposed trigger for various
choices of cut on the reconstructéd mass andA M with different single hit efficienciesz(;;) and single
hit z-resolutions {z,;;). The efficiencies are relative to the off-line event sétattised in the most recent H1
publication [2] and are calculated using a sample of DIS &veollected in 1997.

the gain. We have investigated a situation in whichiresolution is worsened tt) cm. As can be seen from
figure 3, this is a somewhat extreme case. The effeci3’omiggering efficiency are shown in figure 8. Evenin
this scenario, the efficiencies fall by only arousd, a smaller reduction than the gain achieved with improved
z-vertex information (figure 6).

The effects of degrading the single hit efficiency and sirgie:-resolution have also been studied bty
data. In figure 9, invariant mass distributions are showndthtihey* = ande™e™ channels from elastic

J /v candidates from 1997 data. The distributions obtained fileenfull reconstruction are compared with
those from the tracks reconstructed by the FTT. Figures ga9anshow the results using the FTT with the
expected CJC operating conditions for normal running. Agpnately97% of the off-line muon candidates in
each channel are successfully identified by the FTT algworithigures 9c and 9d show the effects of reducing
the single hit efficiency t®0% and the single hit-resolution to8 cm. The efficiencies in each channel are
reduced to approximateBf%, due to the lower single hit efficiency. The degradation imgk hitz-resolution
results in only a small deterioration in the'y> mass resolution. This will not present any problems for the
FTT triggering of.J /¢> events, as backgrounds are relatively small in this regflomass window of).5 GeV
around the nominal /+¢> mass is currently proposed (see table 2 and appendix A)hweaves a very wide
safety margin for poor running conditions.

4.5 Increased Instantaneous Chamber Occupancy

As a final test, we have investigated the sensitivity of tiggtr to increased instantaneous numbers of signals
in the CJC. This could arise due to severe problems with nmisgith synchrotron radiation or beam-gas
backgrounds. Overlap of information from differeptcollisions is already known not to be a severe problem.
In the tests, we added random background CJC hits to existingvents. The number of added hits was
randomly distributed between 100 and 500, correspondirgtivity on betweerd % and20% of CJC wires.
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Figure 9: Distributions in the reconstructed dilepton namat mass for a sample taken from 1997 elagti¢
data. (a) and (c) show the distributionsiof .~ invariant masses. (b) and (d) show the=~ invariant masses.
For all plots, the histograms show the distributions asmetracted with the full readout information and the
best available off-line tools. The solid data points shogvdrstributions as reconstructed from tracks produced
by the FTT simulation. In (a) and (b) the essential pararsaitthe FTT operation assume their default values
(single hit efficiency 0f95% and single hitz-resolution of6 cm. In (c) and (d) the single hit efficiency is
degraded t®0% and the single hit-resolution ta cm.

Only those events for which at least three additional traegse found by the full off-line reconstruction as a
result of the added noise hits were retained for analysis.

The presence of the extra hits slightly improves hiefinding efficiency, due to random coincidences with
genuine tracks arising fromd* decays. This is a slightly unrealistic situation, as thesptially degrading
effects on th&) — ¢ algorithm of overlapping hits is not yet included. Work o #wvaluation of this effect is
in progress.

In section 3.4 of [1] and in section 4 above, a sample of evemitscted in 1997 using an inclusive SPACAL
level 1 trigger, with the subsequent trigger levels disdbleas used to estimate the overall trigger rates of the
FTT when extrapolated to the post-upgrade peak luminoditjs sample represents a good approximation
to the overall event sample with which the FTT will be contexhin the intermediat&®? region. We have
introduced additional noise hits to these data in the madescribed above, in order to test the sensitivity of
the background rates to increased chamber occupancy. Saksrare shown in figure 10 as function of the
AM cut and demonstrate that the effect of additional backgtaiam be strongly suppressed by using tight
selection criteria. It is clear that considerable increasebackground hits can be tolerated without fbe
finding algorithm yielding excessive numbers of backgroewehts.
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Figure 10: Estimated background rates for the HPT SPACAL trigger at the expected peak post-upgrade
luminosities. The rates are shown as a function of thé\lld cut for aD® mass cut of M (D°) — M (K r)| <
200 MeV, with and without additional noise added to the CJC (seeftexdetails).

5 Project Specification and Realisation

5.1 Level 1 Trigger Signal

The possibility that the FTT could provide information taetlevel 1 trigger is currently being investigated.
This could be implemented with the addition of one furtheGRPper level 1 crate, which would process the
coarse track segment information. It is not yet clear wheitheill be possible to generate a coarsé, — ¢
histogram of the track segments and perform a simple tragknlg algorithm. If this is possible, the level 1
information could be based on the multiplicity of tracks dhdir transverse momenta in much the same way
as the planned level 2 algorithm. If it is not possible to fduihtracks at level 1, track segment multiplicities
and topologies could be used as the basis for a decision.

The cost of including the trigger functionality at level 1 wd be at the level of 70kDM, corresponding es-
sentially to the cost of the FPGAs. If a level 1 trigger werglemented, the existing D@ trigger could be
replaced completely.

5.2 Hardware Implementation and Time Considerations

It is intended that all tasks required of the FTT, up to anduding a level 3 trigger decision, should be
performed within about 00 s of the ep interaction. The information that will be provided to thevdé 1
(2.3us), level 2 (25us) and level 3 stages of the trigger is as illustrated in figuvé[1]. The time limits for the
first two trigger levels impose strict requirements on th& ElIgorithms. The problem of pattern recognition is
accomplished using devices such as Content Addressabl@Men{CAMs) which are capable of performing
complex logical operations at high speed, performing $etasks in single cycles of typicall 10 ns. A
similar time scale applies to Digital Signal Processors®B)Svhich are used after the track linking procedure
for the optimisation of track parameters. A precise statdroe the necessary computation time would require
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the algorithms and their realisation in hardware to be cetap} defined. At this stage, only estimates can be
made on the basis of the current plans.

5.2.1 Level 1 Timing

The time available for logical processing to produce a Ldger decision is significantly reduced by the maxi-
mum CJC chamber drift time. Pipelining of information isdeen, such that valid combinations of hits based
on a pivot layer technique step through shift registers aaccampared against lists of acceptable hit patterns
using CAMs, only the drift time of the combination being ched at each cycle. High speed is achieved with a
highly parallel algorithm with a simultaneous matchinggedure using a "CAM farm”. Valid track segments
can then be found within a few cycles. The estimated timintdpefdifferent L1 tasks is listed in table 5.

Process time [us]
drift time of most distant hits 1.0
() — t analysis 0.3
filling of shift registers 0.1
track segment finding 0.2
collecting track segments 0.2
L1 trigger processing 0.2
total 2.0

Table 4: Timing specifications at trigger level 1. Note tha track segment finding begins before all drift
times are available, such that several bunch crossinggacegsed in parallel. The figure @ us quoted for
track segment finding thus represents the actual delayreaturather than the full time necessary to process a
single event.

5.2.2 Level 2 Timing

At L2, the most time consuming process is the optimisatiotheftrack parameters in theg andr-z planes
after the track segment linking. First studies with C620sgedi point DSP) and C6701 (floating point DSP)
running on non-optimised reconstruction code indicatettiia task can be performed within&. The timing

of L2 is detailed in table 5 and shows a safety margin @4 Replacing the sliding window technique by a
simple one step matching procedure would accelerate thénkihg by a further 4.5:s at the expense of a
small degradation in the track separation power.

Process time [us]
read data from track segment finder 1
distribute data to all L2PUs and load CAMs 2
dynamic load balancing (counters) 1
Search including using 4 sliding windows 6
8
2
1

optimise track parameter values (DSP)
distribute track parameters and calculate sums
communicate resultto L3
total <21

Table 5: Estimated timing specifications for the L2PUs. Nbtg several tasks can be interleaved.
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5.2.3 Level 3 Timing

At L3, the mass reconstruction will be performed using comuaéprocessors. Tests with a Pentium Il proces-
sor have shown that a single track combination to calculatenariant mass will take abodb ns at a clock
frequency of 500 MHz. Within 10@s about 2000 mass combinations can be analysed on a singkspao.
Less than 30 tracks are reconstructed by the simulated FJarigdm for over96% of 1997 D™ candidates,
such that a single processor would be more than sufficienat@m® and subsequer?* searches. By adding
more processors to the L3 trigger level, a latency well bel®® s can be achieved, whilst searching for a
wide variety of signatures. It should be pointed out thatantcast to the L1 and L2 time limits, the 1@

L3 limit is ‘self-imposed’ on the FTT. A slightincrease ingh.3 processing time would result only in a small
delay in the level 3 reject signal and a commensurate sn@akase in deadtime.

5.3 Responsibilities and Manpower

The hardware implementation of the FTT is divided into thpeets. The front-end and the custom boards
for L1 are being developed and built by UK groups. The custaartis at L2 are being developed by the

SCS company in Zurich in collaboration with ETH Zurich. &h3 processor farm will be constructed by the

Dortmund group. An overview of the hardware responsikeiitind allocated manpower is given in table 6. The
implementation of the software algorithms in the programimdardware requires further manpower. These
allocations are shown in table 7.

Hardware Tasks Effortin SY Responsibilitieg
Analogue daughter cards 1 RAL/Manchester|
L1 Front-End Module with track segment finder 3 RAL
L1 crate controller 2 Manchester/Birmingham
L1 trigger card 1 QMW/Birmingham/DESY
L2PU Track Linker boards 2 Zurich/SCS
L2/L3 Trigger card 1 SCS/Dortmund
L3 processor farm 1 Dortmund

Table 6: Manpower allocations for FTT hardware constructasks* Note that the L1 trigger card is a design
option which will allow to generate L1 Keep signals and wordglace the existing D& trigger.

Software Tasks persons Responsibilitieg
Setup — ¢ algorithm 1 RAL

Programming of L1 track segment finding 2 DESY/Zurich/Birmingham
Programming of L2PU boards 25 Zurich/ETH/Dortmund
L3 processor farm 1 Dortmund

Table 7: Manpower allocations for the design and implemeniaf software algorithms in the FTT system.

5.4 Financing

All anticipated costs of the FTT project are detailed in ¢éa®l A complete financing scheme now exists. The
UK institutes collaborating in H1 (Birmingham, Lancastaxerpool, Manchester, QMW and RAL) are in the
process of submitting a proposal to the UK PPESP, requeappgoximately 770kDM for the L1 construc-
tion. DESY is encouraged to support the project at the leabout 250kDM. 250kDM have been set aside
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from BMBF funds which hopefully can be expanded to a total@@KDM. An additional equivalent of about
500kDM in skilled manpower will be provided by ETH Zurichdbortmund to work with the SCS company
on the level 2 system. Assuming all requested funds aresetgahe total funding will amount to 2020kDM,
leaving 70kDM free for extra contingency.

Item Quantity | cost [kDM]
Analogue daughter cards 150 100
L1 Front-End Module 30 470
L1 Crate Controller 2 35
L1 trigger card 2 35
Crate 2 70
Cabling various 40
Workstation and Interface 1 20
L2PU hardware 4 100
L2PU external labour (SCS) 2SY 500
L2PU supplied laboui 2SY 500
L2L3 trigger card 1 20
L3 processor farm 1 60
total 1950

Table 8: Full costing of the FTT project, including extertetbour and VAT.* Note that the L1 trigger card
is a design option which will allow L1 Keep signals to be semthie central trigger. The FTT would then
completely replace the existing D@ trigger.** SCS equivalent cost of rendered skilled manpower.

References
[1] H1 collaboration A Fast Track Trigger with High Resolution for HProposal submitted to the Physics
Research Committee, PRC 99/06.
[2] H1 Collaboration, C. Adloff et al., Nucl. PhyB545(1999) 21.
[3] ZEUS Collaboration, J. Breitweg et al., DE®®-101, submitted to Eur. Phys. J.

[4] M. Aivazis et al., Phys. Re\D50(1994) 3102.
J. Collins, Phys. Re\D58 (1998) 094002.

[5] A. Martin et al., Eur. Phys. JC4 (1998) 463.
H. Lai et al.,hep-ph/990328Zubmitted to Eur. Phys. J.

[6] H1 Collaboration, S. Aid et al., Nucl. PhyB470(1996) 3.
H1 Collaboration, C. Adloff et al., DES%9-107 submitted to Eur. Phys. J.

[7] V. Gribov, L. Lipatov, Sov. J. Nucl. Phy45(1972) 438 & 675.
Yu. Dokshitzer, JETR6 (1977) 641.
G. Altarelli, G. Parisi, Nucl. Phy$8126(1977) 298.

[8] E. Kuraev et al.Sov. Phys. JETR5(1977) 199.
Y. Balitsky, L. Lipatov,Sov. J. Nucl. Phy28(1978) 822.
L. Lipatov, Sov. Phys. JETB3(1986) 904.

[9] H1 Collaboration, C. Adloff et al., Eur. Phys.Q1 (1998) 97.
H1 Collaboration, C. Adloff et al., DES¥8-205 submitted to Eur. Phys. J.

19



[10]
[11]

[12]

[13]
[14]

[15]
[16]
[17]

[18]

[19]

[20]

A

H1 Collaboration, C. Adloff et al., Z. Phy&76 (1997) 613.

H1 Collaboration, Conference Paper 157ae, Internati&€urophysics Conference on High Energy
Physics, Tampere, Finland (1999).

H1 Collaboration, Conference Paper 157ag, Intermaficcurophysics Conference on High Energy
Physics, Tampere, Finland (1999).

H1 Collaboration, C. Adloff et al., DES%9-126 submitted to Phys. Lett. B.

H1 CollaborationProposal for an Upgrade of the H1 Luminosity System and isogiated Electronics
for HERA 2000 Proposal submitted to the Physics Research Committee I8RI5.

H1 Collaboration, C. Adloff et al., DES%9-01Q submitted to Eur. Phys. J.
H1 Collaboration, C. Adloff et al., DES'%9-026 submitted to Eur. Phys. J.

H1 Collaboration, Conference Paper 574, 29th Intéonal Conference on HEP, Vancouver, Canada
(1998).

L. Frankfurt et al., Phys. Reld54 (1996) 3194.
A. Martin et al., Phys. Re\D55(1997) 4329.

H1 Collaboration, Conference Paper 157aj, IntermatioEurophysics Conference on High Energy
Physics, Tampere, Finland (1999).

M. Tlucykont, "z-Kalibration der zentralen Spurkammer des H1-Detekt@isHERA, diploma thesis,
Universitat Hamburg, Febr. 1999.

Appendix: Assumptions made for table 2

Assumptions for D* decay (DIS)

o.is. Visible cross section t& = # channel for selection criteriain [2].

L1 conditions: SPACAL electron and multiple trackss0 Hz). With the FTT, it may be possible to relax
the strong L1 track condition and to require only:avertex trigger instead. The L1 rate would then be
~ 500Hz. The L2 and L3 rates would increase only slightly and theieffiy would improve by a small
amount.

L2 conditions: Cut on either electron energy Or, |pt| of tracks to obtain a rate reduction by a factor 5.

L3 conditions: For |m(K7) —m(D*)| < 200 MeV andm (K nrgow) — m(K7) < 155 MeV cuts, total
reduction factor is approximately 30.

FTT efficiency: Total efficiency (all three trigger levels) is assumed to bihe order of 70%.

Efficiency without FTT: Assume L1 downscale y 160 to achievel Hz output. About 95% trigger
efficiency without downscaling.
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Assumptions for D* decay ¢yp)

e o0,is. Visible cross section t& 7= channel for selection criteria in [2].

e L1 conditions: Low angle tagged electron and multiple trackg({ Hz) or require only az-vertex trigger
instead of multiple tracks<{ 500Hz).

e L2 conditions: Cut on}_ |pt| of tracks to obtain a rate reduction by a factor 5.

e L3 conditions: For |m(Knx) —m(D*)| < 200 MeV andm (K m7gow) — m(K7) < 155 MeV cuts, total
reduction factor is approximately 30.

e FTT efficiency: Total efficiency (all three trigger levels) is assumed to bhe order of 60%.

e Efficiency without FTT: Assume L1 downscale iy 120 to achievel Hz output. About 85% trigger
efficiency without downscaling.

Assumptions for p production in DIS

e 0,;s: Visible cross section for elasti’ — =7~ for selection criteria in [15].

e L1 conditions: Inclusive SPACAL trigger with high electron energy thrddhsuch that kinematics force
decay pions into CJC.

e L2 conditions: Demand exactly two tracks.
e L3 conditions: Cut on invariant mass of "7~ aroundp peak.
e FTT efficiency: Total trigger efficiency is assumed to be of the order of 80%

e Efficiency without FTT: L1 downscale by /40 to achievel Hz output. About 80% trigger efficiency
without downscaling.

Assumptions for elastic / inelastic JW

e o0,is. Visible cross sections for selection criteria in [16]. \lite cross sections for each of muon and
electron channels are approximatél§0 pb (elastic and quasi-elastic) plug0 pb (inelastic).

e L1 conditions: Topological triggers fore™e~, muon triggers fop ™.~ as currently used.
e L2 conditions: Cut on track with second highegtat 0.8 GeV.

e L3 conditions: Cut on invariant mass around th&/+; 3 + 0.5 GeV to give~ 3 Hz. For the elastic
case, require in addition exactly two tracks to obtain ratd Hz.

e FTT efficiency: Total trigger efficiency varies between approximately 129¢lasticete~) and 60%
(utp”).

e Efficiency without FTT: L1 downscale by /20 and use existing L2 topological/ neural network trigger
to achievel Hz output. Total efficiency varies betweest’ (inelastice™e™) and70% (uT 1 ~) without
downscaling.

21



Assumptions for Y

o is. Visible cross section for selection criteria in [17] tof u~ andete~ channels.
L1 conditions: Topological triggers for ee, muon triggers fop: as currently used.
L2 conditions: Cut on track with second highegtat 3.0 GeV.

L3 conditions: Require dilepton invariant mass of at least 9 GeV to achieve Hz. For the elastic
case, require in addition exactly 2 tracks to achievé.5 Hz.

FTT efficiency: Total trigger efficiency is assumed to vary between 12% dstad ete~) and 60%
(utpm).
Efficiency without FTT: L1 downscaled by /20 and use existing L2 topological / neural network

trigger to achievel Hz output. Total efficiency varies betweesl’ (inelastice™e~) and70% (u* ™)
without downscaling.

Assumptions for W — pv

ois. EStimated visible cross sectionge channel.
L1 conditions: Muon triggers as currently operational.
L2 conditions: Cut on the track with highegt at 10 GeV.

L3 conditions: Applying isolation criterion on highegi, track gives an estimated reduction of a factor
80 relative to the L1 rate.

FTT efficiency: Total trigger efficiency is assumed to be of the order of 70%.

Efficiency without FTT: L1 downscaled by/20 to achievel Hz output. Total trigger efficiency is about
75% based on track triggers alone without downscaling.
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