N

N

The Liquid Argon Jet Trigger of the H1 Experiment at
HERA
B. Olivier, A. Dubak-Behrendt, C. Kiesling, B. Reisert, A. Aktas, B.
Antunovic, J. Bracinik, C. Braquet, H. Brettel, B. Dulny, et al.

» To cite this version:

B. Olivier, A. Dubak-Behrendt, C. Kiesling, B. Reisert, A. Aktas, et al.. The Liquid Argon Jet Trigger
of the H1 Experiment at HERA. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 2010, a paraitre. in2p3-00552941

HAL Id: in2p3-00552941
https://hal.in2p3.fr/in2p3-00552941

Submitted on 6 Jan 2011

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.in2p3.fr/in2p3-00552941
https://hal.archives-ouvertes.fr

The Liquid Argon Jet Trigger
of the H1 Experiment at HERA

Bob Olivier!, Ana Dubak-Behrendf, Christian Kiesling, Burkard Reisel,
Adil Aktas?, Biljana Antunovid-3, Juraj Bracinik, Charles Braquét Horst Brettel, Barbara Dulny,
Jurgen Fenlt, Markus Fra$, Walter Fibchtenicht, Werner Haberér Dirk Hoffmanrt, Miriam ModjescH,
Ringaile Placakyte?, Thomas Schrner-Sadenius Andreas WassatsthJens Zimmermarin

IMax-Planck-Institut @ir Physik (Werner-Heisenberg-Institut)ofifinger Ring 6, D-80805 kinchen, Germany
2Faculty of Nat. Sci. and Math., University of Montenegro, PEdx 211, 81001 Podgorica, Montenegjro
3Deutsches Elektronen-Synchrotron DESY, P.O.Box D-22603 Hagmlsermany
4CPPM, CNRS/IN2P3 - Univ. Mediterranee, 163 avenue de Luminy, 8328rseille Cedex 9, France

@ Supported by the Deutsche Forschungsgemeinschaft

Abstract— We report on a novel trigger for the liquid argon  experiments by more than an order of magnitude in center-
calorimeter which was installed in the H1 Experiment at HERA. of-mass energy, achieving momentum transfers squared up to

This trigger, called the “Jet Trigger”, was running at level 1 10° Ge\? and a spatial resolution down to 18 m, roughly
and implemented a real-time cluster algorithm. Within only . ’

800ns, the Jet Trigger algorithm found local energy maxima one th_ousands of the proton _d_lameter. ]

in the calorimeter, summed their immediate neighbors, sorted ~ As it turned out, the exciting “new physics” at HERA
the resulting jets by energy, and applied topological conditions is connected with the gluon structure of the proton. The
for the final level 1 trigger decision. The Jet Trigger was in  corresponding measurements are done at very low values of
operation from the year 2006 until the end of the HERA running e Bjorken variabler, which signifies the momentum fraction

in the summer of 2007. With the Jet Trigger it was possible to ied by th t tit tint i ith the in
substantially reduce the thresholds for triggering on electrons C@f1€d Dy the proton constituentinteracting with the imatg

and jets, giving access to a largely extended phase space fo€lectron. Low values of, reaching down to 10°, generally
physical observables which could not have been reached in H1 mean low energies of the particles created in the hadrooizat
before. The concepts of the Jet Trigger may be an interesting process of the struck proton constituent.

upgrade option for the LHC experiments. Triggering at a hadron machine like HERA is a challenge,
and most importantly so, if the interesting physics signals
lead to low energy depositions in the calorimeter. Using the
liquid argon (LAr) technique, where the ionization chargaf

One of the most successful tools for unraveling the strectdf@versing particles is collected before the first amplifera
of the constituents of the nucleus, the proton and the neutr§t29€, Poses a special problem with low level signals, being
is deep-inelastic scattering (DIS), using charged leptans vuInerabI_e to plcl_<up and other eIectronu_:_nmsc_a. In a typ|-
probe nuclear targets. During the past decade, the expﬁﬂméal c_alonmeter trigger the energy d_eposmons in the entir
carried out at the electrdsproton collider HERA mark the calorimeter are summed and_ dlscrlmm_ated, and one therefor
culmination of such investigations, which started with thEces the problem of summing up noise from a (large) area
Nobel prize winning experiments of R. Hofstadter [1] am\jvh.ere no particle energy de_posmon is found. Such a}dditlon
of R.E. Taylor at SLAC [2]. While these experiments useBCiS€ clearly prevents the trigger thresholds from beiricase
stationary nuclear targets, the HERA machine was the fidg"y low levels. _
(and so far the only) electron-proton collider in the wodth N the Jet Trigger concept described here, we have addressed
HERA, the center-of-mass energy, and thereby the spasal rgus problem_by following a sc.heme where only th.ose regions
olution to probe the inner structure of the nucleon, was gnou N the calorimeter are considered where localized energy
to a new regime. With its proton beam energy of 920 GeV a,q@pogltlons are found. Such d'eposmons have a high qhance
an electron energy of 27.6 GeV, HERA exceeded the previos P€ing generated by “physics”, rather than by “noise”.

The challenge here was to fit a digital search algorithm into
Manuscript version January 3, 2010 dedicated hardware, able to deliver a trigger decisioniwith
Corresponding authors: Christian Kiesliojmk@mpp.mpg.dd@ob Olivier 800 ns, starting with the point in time where the analog digna
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Reisertreisert@mpp.mpg.de

1Throughout this paper the term electron is used to denote &lettrons Trigger. Previous repqrts O_n the Jet Trigger, mOStly prtesbn
and positrons, unless the charge state is specified ekplicit at conferences, are given in [3]-[8].

I. INTRODUCTION



The article is organized as follows: We first give a shottiminosity by a factor of about three. As essential compts)en
description of HERA as well as of the H1 experiment angduperconducting dipoles were installed in the vicinity loé t
its multi-level trigger scheme. In section Il we present sominteraction regions of the H1 and ZEUS experiments. In
details on the “old” global liquid argon calorimeter trigge addition, spin rotators were installed before and after the
(referred to as “LAr Trigger” throughout this paper) and iténteraction regions of the collider experiments in order to
limitations, before we turn to the description of the Jety@igr provide longitudinal polarization for the electron beartest(
concept in section IIl. In section IV we describe details adind right handed polarization for both charge statésand
the hardware realization of the Jet Trigger, going through te™), giving access to sensitive tests of the electroweak yheor
various electronic entities which build up the functiohalbf and allowing unique searches for new heavy particles.
the Jet Trigger. In section V we give a few examples of physicsIn the course of the HERA upgrade the collider experiments
results obtained with the Jet Trigger. Finally, in sectioni¥ were upgraded as well [14]. For H1 this meant to build a new
present the conclusions. inner proportional chamber and add a silicon vertex detecto
in the forward region. Also the backward direction needed to
. be modified (silicon tracker and calorimeter) because of the
A. HERA and the H1 Experiment additional superconducting magnets close to the H1 intierac

The electron-proton collider HERA [9] at the Deutschegegion. Finally, substantial upgrades were implemented fo
Elektronen-Synchrotron DESY in Hamburg provided up teeveral trigger systems, such as the Fast Track Trigger)(FTT
now the highest available center-of-mass energies for thased on the central jet chambers [15], [16], and the Jeg@rig
collision of electrons or positrons with protons. Due tohitgh  for the LAr calorimeter which is described in this paper.
center-of-mass energy of up to 32@V and the extremely Due to the presence of additional machine components
wide range in the kinematic variables(the Bjorken scaling close to the interaction region, a significant increase ef th
variable) andQ? (the negative square of the four-momenturbackground rates was expected and indeed observed after
transfer between the incoming and outgoing electron), HERAe HERA Il upgrade. While parts of the H1 detector were
offers a much deeper view into the inner structure of thegirotypgraded as mentioned above, the H1 data logging rate to
than was possible before. HERA also gives access to sensifiérmanent storage (up to B@) remained a stringent con-
tests of the Standard Model, in particular in the sectorrf®  straint for the data acquisition system. The aim of the upgra
interactions, described by quantum chromodynamics (QCDof the digital part of the LAr Trigger, the Jet Trigger, was to

To measure the scattered electrons as well as the produgeshplement the existing global LAr calorimeter triggerwét
hadronic jets with high precision, the H1 collaboration hasystem which performs real-time clustering to avoid sungmin
constructed a general purpose detector, optimized foriggrecup noise distributed over large parts of the calorimetechSu
measurements of leptons and jets. In its upgraded versigtheme allowed for triggers on even lower energy deposition
(see below), the detector was equipped with five layers while keeping the trigger rates within the required bounds.
multi-wire proportional chambers (MWPC), a set of central
jet chambers (CJC) as well as drift chamber systems in the .
forward and backward regions, and silicon trackers ovepatm B The H1 Trigger System
the full solid angle. Here, the directions of proton and &tat In experimental high energy physics (HEP), information
beams define the forward and backward regions, respectively the elementary building blocks of matter and the forces
The tracking system was surrounded by a highly granulbetween them is extracted from the debris of collisions of
LAr sampling calorimeter, separated in an electromagnetittense, high energy particle beams produced in giant accel
and a hadronic part. The absorber materials were lead for #rators. The extremely low signal to background ratio f@ th
electromagnetic part and stainless steel for the hadraaic pdesired physics processes, typically 3 to 5 orders of madeit
The calorimeter was surrounded by a 1.2 T solenoid, and thee electron-proton interactions, presents major chaksnfor
flux return yoke was equipped with muon chambers. Motae design of data acquisition systems of HEP experimemts. |
details on the H1 detector can be found elsewhere [10], [LE)kperiments at the major accelerator facilities, data ypced

It should be stressed that the detector was originally die- building-sized multi-layered particle detectors surrding
signed to measure higQ? and highz physics. When HERA the interaction regions are accumulated at rates of several
started taking data in 1992, it came as a hig surprise to ebsegigabytes per second.
a dramatic rise of the gluon distribution within the proton As it is not feasible, using today’s technology, to log all of
towards lowz. To trigger this lowz physics, low energy these data onto permanent storage media for later anadysis,
thresholds for the scattered electrons and jets were needmdine decision-making system is necessary: the expetimen
As a consequence, the electronics of the LAr Trigger wasdgger. The timing requirements for such a device are rathe
upgraded with special low-noise amplifiers (see section 1) severe. At the HERA facility, for example, a new frame of

When, after a few years of running, it became evident thdetector data arrived at the trigger system every 96 nse<orr
the HERA luminosity would not be sufficient for a detailedsponding to the crossing frequency of the electron and proto
study of the highQ? physics, an ambitious luminosity upgradéunches (bunch crossing frequency). For H1, the latency
program was launched, the HERA Il phase [12], [13]. Thieefore the start of the full detector readout could not esicee
upgrade program of the HERA collider was performed in th20us. Therefore, the HERA experiments were coping with
years 2000-2002 and succeeded to increase the instansandimiing constraints quite similar to those of the experinsent



systems, making a “global” event decision. A third systens wa
dedicated mainly to reduce the trigger rate from the bactwar

Detector

warmstart | (electron direction) calorimeter [19]. The second levetded
| Fe about 2Qus for the trigger decision, reducing the trigger rate
Li-reject 2345 (e & to about 20(z. This rate was further reduced at the third
LI | 4 wired ogic I S trigger level which employed track-based triggers and ighec
! & |3 combinations of the FTT with the Jet Trigger, to be described
* e ki s |3 later. With an “accept” by the third level the event readoasw
~odL2-reject ;- - -4 12 Nk _ g started. Finally, at the _fourth level a full event reconsﬁm
PN ! Topological trigger [ 41"~ 7| = was performed on a Linux processor farm. The level 4 input
4 max. 200 H rate was not excegdmg B by applying add|_t|onal prescale
Lo-reject oons factors for some triggers. A prescale factor with valumeant
| L3 ycroprocessors R that only everyn-th accepted event was recorded. Further
| Abort details on the H1 trigger systems can be found elsewhere [20]
| ma. 50 H In the following we concentrate on the LAr calorimeter
| __ Asynchronous event buffer triggers. We first present the trigger as it was designed and
La-reject L4 100ms implemented in its pre-upgrade version, motivate the need f
35 RISC Processors
the upgrade to the Jet Trigger, and then turn to its prinsiple
O I - LR and its realization, as well as showing examples of its misysi
; Off-ine T performance.
i Reconstruction Raw data on tape
5 ;Zyif;:g:'ygs 1. LIQUID ARGON CALORIMETER TRIGGER
Monitor ¢ Here, we give a description of the hardware components
@ events ST of the LAr Trigger, following the trigger signal from the LAr
@ (Data Summary Tapes) calorimeter cells up to the trigger elements which are sadpl

to the central trigger logic (CTL). To identify events witlrge
Fig. 1. Schematic view of the H1 multi-level trigger system. Tipeut and Momentum transfer, the LAr Trigger derives timing signals,
output rates of each trigger level as well as the decisiongtiare shown. The energy signals, energy sums and trigger elements corstiruct
rate is reduced from the input value of 10z to an output rate of at most from the energy sums. A schematic view of the LAr Trigger
50Hz. . . ) . . .. .

is shown in figure 2. The trigger is divided into an analog and

a digital part.

at the LHC facility currently under commissioning at CERN
in Switzerland, where the colliding proton bunches meehead. Analog Part
other every 2%s. The analog signal has its origin in the ionization produced
Large background rates are typical for hadron machinds; the particles in an electromagnetic (EM) or hadronic (HAD
and may exceed, as mentioned above, by many ordersshbwer. The ionization charges are generated mainly by the
magnitude the rates expected from the physical processbarged shower particles traversing the LAr gaps between
of interest. To deal with this problem, H1 used a four-levehe absorber materials. These charges are collected 04500
trigger scheme, where the trigger rate was reduced step dgometric pads (GP) and the resulting signals are fed into
step, and the decisions were improved as a result of thealog cards located in the analog boxes (ANBX) mounted
more complete information and more sophisticated triggen the outside of the LAr cryostat. On the analog cards, the
algorithms at the later trigger levels. The scheme realimed charges collected on the GPs are amplified and the signals are
the H1 experiment (after the upgrade) is shown in figure 1. Thmnsformed to a bipolar (sinusoidal) shape with an anmghditu
first trigger level was implemented in custom-built elenatos, proportional to the deposited energy. The width of the stiape
with dedicated trigger systems for the MWPC, the drift chansignals fed into the trigger is aboutu$. The signals of the
ber, the calorimeters, and the muon system. Additional fir&Ps are summed up into 4845 trigger cells (TC), covering
level triggers were realized from the forward and backwam@most the entire solid angle, where one EM TC comprises
systems of the H1 detector. The level 1 triggers were usii§ neighboring GPs and one HAD TC contains 4 GPs. The
a pipeline technique and were therefore deadtime-free. Th€ signals are then transferred to the trigger merging board
level 1 triggers had to decide within 2.3. After the upgrade, (TMB) where the signals belonging to projective trigger évs/
the level 1 systems typically yielded a rate up teHz. Since (TT), pointing to the interaction region, are grouped tbget
most of this rate was still background, it had to be stronglhe actual summing of the TCs to a TT is done in the
reduced to the “physics rate” of about 10486, going to Summing and Shaping Modules (SSM) where the TC signals
permanent storage. This was achieved in three furtherariggan be adjusted individually in amplitude and timing. Up to
levels: The second level was realized by dedicated micré-EM cells give one EM tower, up to 6 HAD cells give one
processors, a track-based trigger [15], and a neural nktw&fAD tower. In order to suppress large unphysical signals (fo
trigger [17], [18] with inputs from all the first level trigge example from frequent high voltage discharges in a pagticul
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Fig. 2. Schematic view of the LAr Trigger electronics befdne tlet Trigger upgrade. The LAr Trigger is divided into anlegand a digital part. The Jet
Trigger receives analog signals branching off from the Bigvdr Summing unit BTS.

LAr gap) the signal from each individual trigger cell can beided into 23 polar angle bing) and up to 32 azimuthal angle
excluded from the summation. After the SSM, the TT signalsins ($), depending on thé position. The t0 thresholds afe
are discriminated in the Analog Gating Modules (AGM) talependent and higher in the forward region since large gnerg
suppress remaining electronic noise: Both EM and HAD paniepositions and narrow jets are expected there. In addition
of the TT signal are compared to adjustable thresholds fdr edigh rates of tO signals are expected in the very forwarcregi
TT independently. Signals which are lower than the reqadestdue to remnants of the target jets and background from beam-
thresholds are suppressed. As the last step in the analog chgas interactions. During the HERA operation, the three most
the TTs (a total of about 1200) are summed up to big towefiarward 6 rings were therefore excluded (masked) and did not
(BT, total of 512) in the Big Tower Summing units (BTS).contribute to the event t0. The masking was done in the digita
The EM and HAD signals from up to four TTs are summegart of the LAr Trigger (see below).
separately to yield the EM and HAD big tower energies which After masking the BTs in the forward direction, all re-
are then digitized in an 8-bit FADC system (see below). maining tOs are counted for each bunch crossing. The total
An important aspect of the LAr Trigger is its capability tonumber is compared to a threshold, and a tO trigger element is
determine the time of interaction, the so called bunch angss generated if a programmable threshold is exceeded. Thialsig
time or event t0. As the shaped signals in the trigger stretishcalled the digital t0. At the same time the so-called amlo
over about 1 microsecond, a timing signal for each TT is formed by summing all tOs without masking. Again the sum
derived by delaying the shaped pulse by 500 ns and compariggliscriminated against a threshold and the resultingasign
to the original, undelayed pulse. The crossing point of bo#ient to the CTL.
signals is independent of the amplitude. This TT-level aign
synchronized with the HERA clock and single bunch crossings
are flagged. A logical OR of all tOs belonging to a given BP- Digital Part
defines the t0 of this BT. The corresponding BT-level {0 bits The gigital part of the LAr Trigger receives the analog
are transmitted individually to a digital adder tree whefe t signals of the 512 BTs, half of them electromagnetic and half
global event 10 is calculated. hadronic, as well as the t0 bits of the timing signals from the
To avoid distortions of the signal by noise and to guarant@Ts. The digital part processes this information to provide
stability in tagging the correct bunch crossing, the anadg trigger elements (TE) to the CTL. The pulses from the EM and
is formed only for those TTs which exceed a sufficiently highiAD parts of the BTs are digitized in Fast Analog to Digital
energy threshold of approximately 5 GeV in the central regioConverters (FADC) with a precision of 8 bits, clocked at a
rising to 10 GeV in the forward region. frequency of 10.4 MHz, corresponding to the bunch crossing
At the trigger level (TT granularity), the calorimeter is di frequency (HERA clock).



In the so-called adder tree the topological sums from tivehere an arbitrary weighting functiorfi(6;, ¢;, E;) can be
FADC energies deposited in the various topological calerimrealized, similar tain 6; and cos ¢; above, via lookup tables.
ter regions (very forward (IF), forward barrel (FB) and gaht Each of the adder tree sums are compared to three different
barrel (CB)), are calculated. The FADCs from the EM anthresholds, stored as discriminator outputs, and the tiegul
HAD parts are weighted by lookup tables (denoted by RAMits are sent to the CTL.
in figure 2) and are then added to form the energy sumsFinally, the LAr Trigger provides dedicated triggers for
guadrant by quadrant for each of the three topological regio electrons, based on the energy depositions in the EM and
The weighting takes care of the proper energy calibratidhAD parts. For each BT a minimum energy is required in
of each BT and compensates the remaining effects fraime EM part and a maximum energy in the HAD part. If
the different energy depositions in the EM and HAD partsoth conditions are fulfilled, an electron bit is set for the
of the calorimeter. Before summing, the weighted BTs amrresponding BT. In the trigger configuration used for the
discriminated against individual thresholds. The topmaly HERA data taking, the hadronic veto was not used to avoid
sums are finally compared to a set of three programmalfigse vetos due to electronic noise and electromagnetivesiso
thresholds, building up a first set of trigger elements. €hekeaking into the hadronic section of the calorimeter.
bit quantities are sent to the CTL and to the trigger systemsThe electron bits are counted and their total number is
at the second trigger level. compared to a threshold. Two sets of energy thresholds are

There are also two “global” trigger elements calculated, tiiealized in the hardware, so that an “electron 1” and an
transverse energy subir_Etrans, and the missing transverse'electron 2” trigger can be provided to the CTL. In addition,
energyLAr_Etmiss. The quantityLAr_Etrans is the scalar another bit is set for each BT with energy above 1.5 GeV when

sum of the transverse energies of all BTs: a track segment from the MWPC is pointing to this BT. These
BT bits are not only sensitive to the energy deposits of the

LAr Etrans = Z E;sin; scattered electrons but also to the localized energy despafsi

BT; jets. Therefore they were employed to trigger neutralentrr

whered; is the polar angle of the big tower BT as well as charged-current events (see, for example, [24]). [

The missing transverse energy subir_Etmiss is the

modulus of the transverse vector sum: C. Limitations and Upgrades of the LAr Trigger

The LAr Trigger, which was a first level trigger, had the task

LAr Etmiss = |/ E? + E2 of providing fast identification of a hard scale in deep-@stic
scattering events, typically events with large transverse
where: mentum pr. Best sensitivity to physics is achieved with
E, = ZE = ZEZ sin 0; cos ¢; lowest possible energy thresholds which, however, inbhita
BT BT lead to high trigger rates. The limited bandwidth of the H1
data acquisition system, on the other hand, constrained the
E,= ZE .= ZEZ sin 0; sin ¢;. acceptable rate of the LAr Trigger.
BT BT; During the early running periods at HERA it became clear

Here, ¢; is the azimuthal angle of the big tower BTAIl that thresholds much lower than originally planned were

BTs in the first twod bins of the forward region are excludediesirable, mainly driven by the surprising physics disceste
from the LAr Etrans and LAr Ftmiss sums because in this &t low z. Several steps toward lowering thresholds were taken,
region large energy deposition from beam-gas backgrouHtil detailed studies showed that the trigger thresholas h

is expected, leading to unacceptably high trigger rate® Tf?ached their t_h_eoretlcal Iw_mt, determined by the W_h_|te=seo
functions sin¢; and cosé; give rise to signed values for!n the preamplifier electronics coupled to the capacitiethef
the BT energies for each componentor y. If all particles calorimeter cells. To be able to decrease the thresholds eve
in the final state would deposit their total energy in th&rther without increasing the trigger rate, a new preafiepli
calorimeter, £, and E, would be zero because of transhybrid using aspe'cllal Iow-no!se JFET was designed. The new
verse momentum conservation. For example, in neutrabotrr'0W-noise preamplifiers were installed in 1998 on thoseagal
events, which proceed via the exchange ef ar a Z° boson cards which were connected to large detector capacities.

the scattered electron is observed in the final state and, il Order to fully profit from the low-noise electronics,
the ideal case, perfectly balances the transverse momenfHfther €lements in the trigger electronics were upgraded
of the hadronic final statelL\r_Etmiss ~ 0). The charged- S well. As one consequence of all these improvements, a
current processes, however, which are mediated By substantial decrease in threshold was achieved [21], @ivin
boson exchange, are characterized by large missing tremesv@CCess to neutral-current reactions with high inelagtigit

energy LLAr_Etmiss > 0) due the final state neutrino whichwhere the contribution of the longitudinal structure fuoit
escapes detection. F;, to the inclusive cross section becomes sizeable.

In addition to these kinematically motivated global trigge As the LAr Tngger employed energy summing over !arge
there is one freely programmable sum: parts pf the calorimeter, |ts. Qperat|on was very _sensmyg t
changing background conditions during luminosity running
LAr_Eweight = Zf(9i7¢iin) as well as to picking up coherent noise in the front-end

BT, electronics.



From the trigger rates achieved during the HERA | phasB, Global Layout
it was evident that for the HERA Il phase, with increased |, order to realize the Jet Trigger algorithm in a running

luminosity and background, it would no longer be possible i heriment, a system parallel to the digital part of the LAr
trigger on the same low thresholds with the existing Sys®m. 1yigger has been designed. The analog trigger towers coming
ac_h|eve a S|gn|f|ce_1nt r_educt|on of the thre_\sholds and sl 0 the LAr Trigger Big Tower Summing unit (see figure 2)
tain stable operation in the presence of increased backdrou, o passed through five functional units of the Jet Trigger, a

a finer granularity of the input signals, a fast topologi®@! j shown schematically in figure 3. These units are described
algorithm as well as the need for further topological i”p@ubsequently:

from other trigger subsystems deemed necessary. The Jefhe preprocessor ADC Calculation Storage (ACS)s the
Trigger has been designed to implement these ideas in Orggl; module of the Jet Trigger. Here, the analog signals of
to maintain, or even improve, the possibility of low energy,e trigger towers, separated in electromagnetic and hédro
triggering. parts, are digitized and the transverse energy is calcllate
using lookup tables. Finally, the digitized signals frome th
I1l. CONCEPT OF THEJET TRIGGER electromagnetic and hadronic parts are summed into seecall
input towers (IT).

The main idea of the Jet Trigger is to identify localized The Bump Finder Unit (BFU) searches for energy maxima
energy depositions of electrons, photons and hadron jetein jn the g — ¢ plane, using the set of ITs, in a highly parallelized
LAr calorimeter, and to explore their topological corredas \ay: Simultaneously all ITs compare their own energy with
for a selective trigger decision. To achieve this in a veryrsh the energy of their inmediate neighbors. The most energetic
time (less than Ls) at the first trigger level, a highly parallel|T among its immediate neighbors is identified as a jet center
algorithm has to be implemented in dedicated, custom-builad the jet energies are determined by adding the energies of
trigger electronics. all immediate neighbors to the jet centers (see figure 4). The
result of the bump finder unit is a list of jets defined by their
transverse energ¥r and position €,¢).

The Primary and Secondary Sorting Units (PSU, SSU)
The Jet Trigger is based on a quite simple idea: It findse two modules for a two-step sorting of the jets by decngasi
all localized energy depositions in the calorimeter, cestte transverse energy. In the first step the PSU sorts the jets
around regions of local energy maxima in azimuthal angieithin a quadrant of the calorimeter and passes on the six

¢ and pseudorapidify , within a typical cone radius of highest-energy jets per quadrant for further processimghé

Ar = /(An)? + (A¢)?2 = 1. In an offline physics analysis, second step the SSU combines the pre-sorted jet lists from
the algorithm to do this would typically start with the lasje the four quadrants and sorts the combined lists in decrgasin
(transverse) energy deposition in the calorimeter and suransverse energy. The final result of the SSU is a list of the
up the neighboring energies up to the point wheéxe = 16 highest-energy jets, sorted in decreasing order, thraked

1 is fulfilled. The algorithm would then resume with thget-container. The jet-container collects the informatabout
largest remaining energy deposition, until all energieshim the transverse energy and position of each of these jets.
calorimeter have been collected into jets. The Trigger Element Generator (TEG) houses the nec-

Such a sequential algorithm could not be implemented dassary logic to prepare the trigger decision from the energy
to the severe processing time limitations at the H1 firstllevsorted list of jets. Typical actions of the TEG are to diserim
trigger, where only about 800 ns were available for the digitinate the individual jet energies, to count jets with enesgi
part of the calorimeter trigger. above programmable thresholds and to determine topologica

The Jet Trigger algorithm starts from the analog signals obrrelations on the basis of the angular information of #ie.
the fine granularity trigger towers which are available ie thThe TEG is designed in a very flexible and expandable way
LAr Trigger before the analog summing to BTs. For modb be able to follow changing physics interests and optimal
of the calorimeter, the angular coverage of a trigger tower triggering strategies.
about 0.2 radians. This means that regions \ith~ 1 can be
formed by summing only the nearest neighbor trigger towers IV. REALIZATION OF THE JET TRIGGER
around a local (transverse) energy maximum to defijet.a
The information content of a jet is then its transverse aner
as well as its position 6 — ¢) space. As the low energy
depositions mostly originate from electronic pickup noise

the calorimeter, it is evident that only an energy-ordeist | . . oo
of such jetg I_eads to meaningful and f_ast trigger decisiﬁhe._ Trhee slzii?glea::ln?ilftghgla?zeé At\oz\llgtr:kSIgggLSeﬁisoztjrlrlens;V(;?]?ng o
trigger de_<:|5|on can the_n be njgde using the most ene_rgenc %e time unit of one bunch crossing (BC) ’If one considers
from the list, exploiting in addition the topological colagons for example, the sample N at bunch crossiﬁg 0. relative to th’e
between them. . ' . ’

W delivery of the analog signals to the ACS FADC system, the

2Here, is the pseudorapidity, defined as= — In tan &, whered is the dlglt_al value is obtained at_BC 1. The further summing and

polar scattering angle. storing steps in the ACS unit take another 2 BCs. At BC 3 the

A. The Jet Trigger Algorithm

The Jet Trigger algorithm, though simple in principle,
%ecessitates a rather demanding realization as it has wdlpe f
executed in 8 bunch crossings, i.e. a little less than 80Umes.
latency requirements of the Jet Trigger units are as follows
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Fig. 3. Schematic layout of the functional units of the Jegder.
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Fig. 4. Schematic overview il and ¢ of input towers in one quadrant. Theindex 0 (17) corresponds to the most forward (backward) regiothe
calorimeter. The calorimeter is made of the inner forward amd/ded barrels (IF/FB), the central barrel (CB) and the baakiwbarrel (BBE). The different
shades show different energy content of the input towers. thick lines show the borders of the jets found by the algorjtwith the jet centers marked
with "x".

LAr Trigger

digital data of the pre-processed ITs are sent, over a hse BTSN s
link, to the BFU. At BC 4 the IT data are received by the BFU. s [ lo 500 copxcable |
At BC 5 the output of the BFU is available, and at BC 6 the 1

output of the PSU. At BC 7 the selected and sorted maxima arg ... aom | *
sent to the TEG, where the final trigger elements are generate > Jet Trigger
at BC 8. All these operations are implemented in a highly ‘CLC““ E20 | isted pair cable
interconnected array of FPGASs. In total the Jet Trigger isteis 22 by 7 >
of 550 FPGAs with 75 million gates, computing 300 giga

operations per second. The 12 GB/s raw data rate is redulg%(_jS_ Schematic layout of the new Big Tower Summing unit (BT 8

to 16 trigger element bits per bunch crossing, corresp@ndifyo branches: The big tower sums on top go to the LAr Trigger jidividual
to a data reduction factor of 600. trigger towers on bottom go to the Jet Trigger.

ADC

50 Q

FADC

100 Qf

A. New Big Tower Summing Unit
The analog signal level of a TT is adjusted with an oper-

onal amplifier in such a way that the energy seen ina TT
ives the same number of ADC counts in the LAr Trigger and
he Jet Trigger. The LAr Trigger ADC has a stroke of 6 mV per
DC count. Each analog trigger tower signal is amplified by
a factor of 4.3. The Jet Trigger ACS has a stroke of 2.44 mV

As can be seen in figure 5, the BTSN receives groups g)fr ADC count. The signal to the ACS is amplified by a factor

64 analog trigger towers, i.e. 32 EM and 32 HAD channeIsU?'SZd?K/; low noise amplifier, and by a factor of 2 by the
The input signals branch into two different lines. One o? P '
them sums up to 4 adjacent towers into a big tower using
an analog summing unit, amplifies the sums and outputs th&m Clock Distribution and Configuration Card
on coaxial cables to the FADC boards of the LAr Trigger. This The communication between the Jet Trigger and the H1
functionality already existed in the former version of th€®B trigger control is done via the Clock Distribution and Con-
The analog summing and amplification in the BTSN is dorfegguration Card (CDCC). The CDCC is connected to the
with a wideband, low noise operational amplifier. Subdetector Trigger Control unit (STC) of the H1 experiment
The BTSN has in addition a separate line which forwards receives the control signals L1Keep, L2Keep, L3Keep and
each of the 64 raw trigger towers directly to the ACS. Ak2reject from the STC when an event is accepted or rejected at
the cables between BTSN and ACS are about 10 m long, agiven trigger level (see figure 1). The signals are proceisse
analog differential signal transmission with shieldedsted an FPGA within the CDCC and distributed to the Jet Trigger
pair cables is used. This gives good independence to grounddules to initiate and to control their readout. The CDCC
and very little susceptibility to noise pickup. Figure 6 ®lso also sends information in the opposite direction, for exa@mp
a picture of the BTSN printed-circuit board (PCB). the Front-End-Ready (FER) signal from the Jet Trigger to

The analog signals for the Jet Trigger originate from a new.
Big Tower Summing unit (BTSN), replacing the correspondin
unit of the LAr trigger (see section II-A). This module has t
provide the analog big tower signals to the LAr Trigger an
in addition, the higher granularity trigger tower signaistihe
Jet Trigger.



Fig. 6. Picture of the BTSN PCB with attached connectorsHerdifferential
cables to the Jet Trigger (bottom left). On top the conneftipthe coaxial
cables providing big towers to the LAr Trigger can be seen.

the STC, indicating that the system is ready for a new eve
readout.

The CDCC receives the HERA clock signal. From thi
10MHz clock it generates a 50 MHz clock using a phad

locked |00p (PLL)' The CDCC distributes both clock SIQnalﬁjg 7. Details of the installed hardware in the electromélér of the H1

to the Jet Trigger modules with adjustable phases to MiRkperiment: View of a quarter of the Jet Trigger ADC CalcaiatStorage
mize the overall system latency. The HERA clock control init (ACS) which was composed 8&fcrates, one for each of tigeoctants of

implemented in such a way that it is possible to steer afftf LAr calorimeter. The ACS receives the analog signals efpifpjective

. . trigger towers and transfers the digitized signals to thenBuFinder Unit
readout the CDCC even when the HERA clock signal is n@Fu) via a bit-serial link.
available or has an error. The CDCC carries 22 daughterboard
to perform the clock shifts and adjustments, and 20 tramscei
cards to send and receive the different signal standardseof t The ACS is the largest system of the Jet Trigger and consists
H1 experiment. of 24 summing boards, 56 motherboards, each equipped with

In addition to the clock distribution, the CDCC also steer8 daughterboards, and one CDCC. The full system is mounted
the ACS configuration. Configuration files are loaded ovén eight 9U VME crates, each of them serving one octant of
VME into big RAMs inside the CDCC FPGA. When thethe calorimeter. Part of the system, as it was mounted in the
CDCC receives a configuration command, an internal statd experiment, is shown in figure 7.
machine starts to configure all 440 ACS daughterboard FPGAsAN overview of the signal processing in the ACS is shown
and the 56 ACS motherboard FPGAs. When the configurationfigure 8. The system receives the 568 analog values of the
is done, the CDCC collects the conditions of all 496 FPGAglectromagnetic trigger towers and the 624 analog values of
in the ACS system over a serial bus and declares the systé® hadronic trigger towers from the BTSN over 1192 cables,
ready for taking data. each 10 m long.

The trigger tower signals have different granularities de-
pending on thei positions (see figure 4). The signals with
finer granularity are first sent to the summing boards where

The analog pulses from the electromagnetic and hadrotiiey are summed to the desired input tower granularity which
trigger towers are presummed to establish the requiredt infsioptimized as a function df in order to approximate a cone
tower granularity, then digitized and passed through Ipokwadius Ar ~ 1 for all pseudorapidities. The signals coming
tables (LUT) where energy thresholds and calibration wisighfrom the forward region already have the needed granularity
are applied. Finally, the two digitized transverse enexr@iegM and do not pass the summing step.
and HAD) are summed to provide the input towers (IT). The The analog signals are then sent to the ACS motherboards
entire algorithm is executed in a total of 300 ns with aand further distributed to daughterboards (see figure 9). On
additional 100 ns for the transmission of the ITs to the Bunthe daughterboards, the signals are first digitized by a fset o
Finder Unit. 10-bit ADCs. Because of the long pipeline latency of the ADC

C. Preprocessor ADC Calculation Storage



ACS system

Process signal: Create IT:
BTS TT sum ADC Noise reduction apply LUT B F U
568 EM TTs analog 440 EM towers Time shift sum: EM+HA
624 HA TTs analog 440 HA towers Pedestal subtraction 440 ITs to BFU
Readout

Fig. 8. Schematic overview of the various steps of the ACSadignocessing (see text for details).

with programmable thresholds. A double buffering mechanis
is implemented to avoid creating second-order deadtime in
case of readout requests arriving before the current réaslou
completed.

On the second path, the data processing continues on
the daughterboards. Here, an optimizédlependent noise
cut is applied and the transverse energy is calculatedgusin
geometry-dependent factors. This is done by applysg x
8 bit LUTs, which are read and written via VME. Then the
electromagnetic and hadronic signals on each daughtetboar
are summed into an input tower and sent to the BFU. The
signal processing requires 200 ns.

Finally, the daughterboard FPGAs are responsible for stor-
ing the data stream in the output pipeline for later readout.
The pipeline can also be loaded over VME with test patterns
in order to debug and optimize the transmission delay of 300 n
to the BFU. The resulting 440 input towers are transferred vi
a bit-serial link to the BFU.

D. Bump Finder Unit

The highly networked Bump Finder Unit where each IT
is digitally connected to each of its up to 10 neighbors

) ) _receives the digitized values from the ACS and searches for
the sample clock is 50 MHz, 5 times the HERA clock. In thig,c5] maxima of energy, the so-called “bumps”. This search

way the samples are available after 100 ns. In order to redygeyone for each IT in a completely parallel fashion. The
the noise contribution in the digital signal, only the higl®e energy content in each input tower is compared with each
bits are used. of its nearest neighbors (see figure 4). If an IT has found that

The analog signals from the BTSN do not all arrive at thgl| of its neighbors have less energy than the IT itself, the
ACS at the same time, caused by the different cell capacitigsis declared to be a jet center and the energies of all its
of the towers in the LAr calorimeter: The signals from theeighbors are added to the energy of the IT. If two ITs have
forward part of the detector (small cell Capacities) arffivst the same energy (Same energy and Sanmsition) the one
and the signals from the central and backward part of thgth the largem (larger) is declared to be the jet center. The
detector (large cell capacities) arrive last. The timeetdéhce evaluation of jet centers and the formation of the jet emeargi
between the slowest and the fastest signals is about 100 4% performed in FPGAs within 100 ns.

In order to synchronize all the signals, the faster signeds a The BFU which is divided into two motherboards, one for
delayed by 100 or 50 ns depending on the cell capacities. each hemisphere, is shown in figure 10. Each of them maps

The next step of the signal processing is the offset am@lo identical quadrants. The two PCBs (see figure 11) are
pedestal subtraction with parameters for each individigaled, |ocated in a VME crate face-to-face. Using such a positignin
programmable over VME. The highest bit is then no longesf the motherboards, only short cables are used for the
used. At this point the data stream is separated in tweighbor connections. The connections with the ACS signals
independent paths. are placed on the outer side of the boards.

One path prepares the signals for the readout. A stateThe Bump Finder network connects all ITs with their
machine in the daughterboard FPGA is designed to retriememediate neighbors, reflecting the barrel structure of the
the stored values from the input pipeline and to shift thegalorimeter. The input towers are partitioned in four qaads.
into registers. These registers are then read from the mofach quadrant contains 110 input towers and is organized in
erboard collection state machine and are prepared for 2@ groups containing 2 or 4 input towers. Only one input tower
calorimeter readout. The FADC values are zero-suppresseduch a group can be a jet center. Two neighboring jets are

Fig. 9. Picture of the ACS motherboard with 8 daughterboal ).
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Fig. 10. View into the Bump Finder crate containing 2 Bump Findeits
(BFU), one for each calorimeter hemisphere.

Fig. 11. BFU motherboard, equipped with daughterboards. wihiée 50-

; ; ; in connectors are the neighbor connections to the secoartb®he blue
separated by at least one input tower, i.e. a saddle point mg)%nector on the left connects to the VME controller boatte $mall FPGAs

exist. This results in a maximum of 29 jets per quadrant. Thgplement the BFU algorithm, the two large ones the PSU algurith
jet energy (8 bits) and the address within a group (2 bits) are
transferred to the Primary Sorting Unit. The group number is

known by its wiring and does not need to be transferred. . . . . .
The sorting algorithm is carried out in a parallel manner,

similar to the jet finding algorithm. Each jet compares its
E. Primary Sorting Unit energy and its address with all the other jets. If jetjet,,
tis1e comparison bit for a-b is set to 1. In order to avoid double

The jets found by the BFU are sorted by decreasing trancdmparison the bit for b-a is set to 0 at the same time. Each

verse energy. This is c_ione in tWO. steps,_ first for each quéadr determines the number of jets with smaller or equal gnerg
separately by four Primary Sorting Units (PSU). Each P incrementing a counter which represents the sum of the

receives 29 jets per quadrant (most of them will have ze mparison bits. The jet with sum 28 is the largest (all the

energy) and outputs the six highest-energy jets, sorted . . :
energy, to the Secondary Sorting Unit. The remaining 23 j& %ﬁer 28 jets have smaller energy), the one with sum 27 is the

) ) . t, and the one with sum 0 is the lowest. The first six jets
are dropped. This cut removes jets with zero energy and pgl unter number 28.23) are sent to the output registers and
of the noise. If two jets have the same energy, they are sor smitted to the SéU

by 6 and ¢ in the same way as in the BFU. The algorithm '

of the energy-sorting in the PSU is implemented in FPGAs

located on the BFU motherboards (see figure 11). The latergySecondary Sorting Unit

of the PSU is one bunch crossing. . i
Each PSU receives 29 jets from the BFU, the jet informatian The 24 jets from the PSU, sorted quadrant-wise by decreas-

consisting of an 8-bit energy and a 2-bit local address. In transverse energy, are transferred to the Secondaty&or

first step the local address together with the jet group namb, nit w.here they are sorteq agan tp obtain the .energy—sorted
which is known by the wiring, are transformed into a no ist of jets found in the entire calorimeter. The list of thé 1

. ) ; jets i he Trigger Element Generator.
ambiguous input tower address. For the 110 input towers :@gest _Jets Is sent to t. . .
g P P Physically, the SSU is a modified version of the TEG moth-

guadrant a 7-bit value is needed to cover the full range. Th o . .
address calculation is done by a predefined lookup table _F.]Epoard and can be seen in figure 12. The SSU algorithm is

such a way that a higher address is related to a higher Miomnplemented in FPGAs with a latency of one bunch crossing.

in & ande. The energy value is then extended by the calculated "€ SOrting algorithm in the SSU is rather similar to the PSU
address to the right, giving a 15-bit value for each jet: algorithm. First the 10-bit jet address (5 bits #r5 bits for
@) is built from the 7-bit PSU address in conjunction with the

big...brbg...bg guadrant information which is known by the wiring. Adding

the address to the energy gives a full value of 18 bits:
energy address

This simplifies the comparison procedure also in the case of bi7...b1gbg ... b5bs...bo
. . —— —— ——
equal energy in two jets. energy 0 b
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In this way the jets are sorted by energyand¢, respectively, and a trigger element can be easily added if needed without
following the same logics as in the BFU and SSU: Eadfisturbing the determination of the trigger elements alyea
jet is compared with all the other jets. If jet> jet,, the implemented in the Jet Trigger.

comparison bit a-b is set to 0 and the comparison bit b-aThe TEG is implemented on a motherboard which was
to 1. All comparison bits of each jet are summed up. The jgksigned to also be used for the SSU. To reduce the number of
with sum 0O has the highest energy, the one with sum 1 ti@cessary TEG boards and the number of active receivers on
second highest energy and so on until the least energy jet Wike jet-container bus, 4 TEG units are realized on one board.
sum 23. Finally, a list of the 16 highest-energy jets, soled Each board produces 4 trigger elements. The TEG system
decreasing energy, is produced. This cut removes part of {§&yilt from 4 separate, identical boards, which can prepar
remaining noise in the energy depositions. up to 16 trigger elements. The TEG data stream processing
The number of 16 jets has been chosen from a study jgfseparated into two different parts: The “global” TEG and
deep inelastic scattering events to not lose significantggne the “local” TEG which are executed in parallel on separate

depositions. This list of 16 jets, ordered in transverse®ne FPGAs. The full TEG logic is executed within one bunch
is referred to as the jet-container. The jet-container it 88 crogsing.

the Trigger Element Generator to perform the first levelgeig
decisions. In addition, the jet-container is sent to theosdc
level trigger where it is correlated with the informatiororin
other trigger subsystems, for example the FTT.

The TEG algorithm constructs trigger elements from sub-
elements. The sub-elements are classified as local trigger
elements produced by the local TEG, and global trigger
elements produced by the global TEG. Local trigger elements
are calculated by applying conditions on individual jetéjles
global trigger elements are calculated by performing sums o
the jets in the jet-container. A trigger element is the restil
a logical expression combining a global trigger element and
a local trigger element. All logical operations are possibl
logical AND, logical OR, negation and expressions with
brackets.

The global TEG determines 4 global trigger elements for the
corresponding 4 local TEG units. A global trigger element is
formed from a logical operation combining up to eight global
trigger conditions (GTC) which are similar to the global sum
E7 and Efiss of the LAr Trigger. The global TEG loops over
the jet-container and computes the jet energy compongénts
andE, using a lookup table for theén andcos functions of the
angles. Then it calculates the global sums from jets fulfjlli
preloaded conditions on positions in the jet-containerdor
The energies of the selected jets are summed up by a generic
adder tree to comput&r and E7*. These sums are then
compared with preloaded energy thresholds. There are up to
4 GTCs based ooy and up to 4 GTCs based ahy*ss.

— Contrary to the LAr TriggerEr and EZ'**¢ can therefore be
5 calculated in programmable restrictédranges, for instance
only in a given region of the calorimeter, or to avoid a noisy
Fig. 12. View into the crate housing the Secondary Sorting (88U, the region. B andEjmiss can also be calculated from a subset of
left most board) and the 4 Trigger Element Generator units (TEG . . . . . . .
jets in the jet-container, for instance from the first folading
jets. The logic equation which forms the final global trigger
element is programmable and allows any logical combination
G. Trigger Element Generator of the precalculated global trigger conditions for any of th

The trigger elements are the basic logical input to thEEG units on a board.
CTL, where the first level trigger information from all the There are 4 local TEG units per TEG board giving 4 lo-
subdetectors is collected and combined to subtriggers. Tded trigger elements to be combined with the global trigger
programmable TEG (see figure 12) applies conditions @bements. Each local trigger element is composed of a Ibgica
the energy and location of the jets from the jet-containeombination of up to eight local trigger conditions (LTChd
to generate the trigger elements leading to an actual trigdgecal TEG first selects the leading jet from the jet-contgine
decision signal L1lkeep. which is the first jet in the list fulfilling freely selectable
The jet-container is realized as an ordered bus on thenditions on its position in the list, its energy and polagla
backplane of the TEG crate. The information transferred pér Then the energy differencAFE, the polar and azimuthal
jet is its transverse energy, and ¢. Since the jet-container angular differencef\d and A¢ of the other jets relative to the
is a bus, an arbitrary number of units may have access tdeading jet are calculated, all fully in parallel. As an exde;
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the following conditions can be implemented between 2 jetk: Simulation

The Jet Trigger simulation has been developed and inte-
grated in the H1 trigger software for an offline cross check of
its performance. Depending on the purpose of the simulation

Eeuw2g < B2 < Ecyizn and  Oeurz g < 02 < Ocusa n, the readout data or the trigger tower simulation were used
as input data. A bit-precise simulation of the hardware was
AEcu0 <AE<AE.;, and Abg; < A8 < Ab.,.p, performed following closely the modularity of the Jet Trégg
itself. Each Jet Trigger module was simulated separatedly an
Adeurs < Ad < Aoy . could be run independently of the others. These features
allowed for a direct, bit-precise comparison of the harawar
These conditions form the local trigger element bit which igrocessed signals and the simulated ones. The simulation
then used together with the global trigger element bit tanforwas extensively used during the testing and commissioning
a final trigger element sent to the H1 Central Trigger Logi@hase of the Jet Trigger installation. Later, the simutati@s
For test purposes the data processing pipeline of the TE@librated and has been used for physics measurements [24].
unit, like all the other Jet Trigger units, can be preloadétth w
arbitrary test patterns, producing test results at fullespand J. Higher Trigger Levels
in real-time.

Ecutl,l < El < EcutLh and ecutl,l < 01 < acutl,ha

The Jet Trigger provided the list of energy-sorted jets also
to higher level triggers. The integrity of the Jet Triggeadeut
was checked by comparing online the information read out at
the first and second level triggers. The list of jets was sent

The readout of the Jet Trigger was integrated directly into the second level Neural Network trigger [18] for online
the existing H1 readout [23]. This had a number of advantag@sonitoring of the jet distributions. The jets were also stent
First, the design of new data acquisition hardware was adbid the third level Fast Track Trigger [25] to combine them with
Furthermore, the additional online programming for theadatracks measured in the central jet chambers and to perform
acquisition was minimized. Finally, this ensured that tlegvn electron identification.
level 1 trigger quantities determined by the Jet Triggeched
the higher level systems in the standard way and minimized V. JET TRIGGERPERFORMANCE

the necessary adaptations. These goals were achieved by thghe entire hardware of the Jet Trigger electronics was
integration of a double buffer system in the ACS, thus avaidi designed, built and successfully tested at the Max-Planck-
the use of DSPs for the readout. Institut fur Physik in Munich and was fully installed in the
Each Jet Trigger module, with exception of the PSU, hadectronic trailer of the H1 experiment in the year 2005.H\it
the possibility to send both the input and the output datRe Jet Trigger hardware fully installed, the commissignin
to the readout, allowing for a full monitoring and controbhase of the trigger began in the fall of 2005. After an inéens
of the functionalities of all Jet Trigger components. Thé fuperiod of debugging this highly complex system, the operati
readout created a data volume which exceeded the readgtthe Jet Trigger started in the summer of 2006.
limits during standard luminosity running. Therefore, thet  The energy-sorted jet information was combined with higher
Trigger readout had two modes: The standard readout usege| track-based triggers to successfully perform etectr
during luminosity data taking which was sufficient to checlgentification with a momentum threshold as low as@ed/.
the digital consistency of the trigger, and the full readosetd |n the fall of 2006, the Jet Trigger was fully integrated ithe
for testing, debugging and control of the Jet Trigger. H1 trigger system, also providing triggers at the first tegg
In standard readout, the electromagnetic and hadromégel. This enlarged the phase space for events containing a
FADCs from the ACS system were read out in a zergingle forward jet with polar angles below 30in spring of
suppressed way. Within 1 the ACS compared the FADCs2007, the energy of the HERA proton beam was decreased
counts to programmable energy thresholds and flagged th@sgn 920GeV to 460GeV. This allowed to measure the
FADCs to be read out. Until the readout had been performedutral-current inclusive cross sections at differgmicenter-
by a dedicated LynxOS board over VME, the ACS buffersf-mass energies and opened up the possibility to directly
were protected against overwriting, which was equivalerd t extract the longitudinal structure functidry, of the proton.
buffer depth of two, before creating second-order deadtime  The contribution ofF;, to the cross section is sizable only at
addition, the jet-container from the SSU and the trigger elkigh inelasticityy = 172%(17(;05 ), whereF andE’ denote
ments from the TEG unit were read out for each event withotife energy of the electron before and after the interactimh a
any intermediate buffer in less than 26, thus impacting the ¢ is the polar angle of the scattered electron.
existing buffer-free calorimeter readout in a minimal way. For a measurement @f;, it is therefore mandatory to record
The full readout provided the most detailed informatioevents characterized by low energy scattered electronshwhi
possible. In addition to the standard readout, the FADCsavbel were not triggered by the LAr Trigger due to its high threshol
thresholds from the ACS could be read out, as well as the inmft6 GeV. The Jet Trigger was used to successfully decrease
towers at the BFU input, the list of 116 jets found by the BFlthe electron triggering threshold from@V down to 2GeV
and the energy presorted list of jets at the SSU input. and to perform the world’s first direct measurement of the

H. Data Acquisition and Readout
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longitudinal structure functioF;, of the proton at highQ?. €

An integrated luminosity of about 1¢® ' was accumulated 1.0 le- .
with the Jet Trigger active until the termination of the HERA a "'_'_ Jet Trlgger
program by the end of June 2007. [
0.8
A. Jet Performance 0.6 L %?ﬁé'?
Triggering on events with a hadronic final state in the [ o ’
forward direction was not possible with the LAr Trigger due 0.4 L
to large rates resulting from energy deposits of the protor T
remnant distributed all over the forward part of the calaten. [
To control these rates the thresholds in the forward regior 0.2 |- e
had to be set very high. For this reason the charged-currel - 0004 g-0.
measurement suffered from insufficient trigger efficienoy f g Lesstads las s ¥s gol yoeiity (STOEOTE |
0O 20 |40 60 80 100 120 140 160

events with a jet in the forward direction, i.e. with low valu 5
of the polar angle of the hadronic final statg,q. Yhad [°]
In the fall of 2006 this situation was improved by using

the Jet Trigger at the first trigger level. The Jet Trigger was & L .

configured to select events which had a jet in the forwarc ~ 1-0[ . LAr Trigger -

direction with a polar angldd;.; < 30°. A threshold in I . "9"9'..._9_

transverse energy of@eV was chosen as it produced a trigger 08 —a-  =x- .

rate of about 1 Hz which was affordable in the trigger budget [ .- e e

while preserving a high efficiency. 06 F '*'_*_ -Omé-
Figure 13 shows the efficiency of triggering on jets in this :-+- A'_A_ A= T _é_'#'

phase space as a function of the polar angle of the hadron 4 [4~ B Vit

final statey,.q, for both the Jet Trigger and the LAr Trigger. I ~A4- -o-

The figure shows that at the lowest angles the efficiency of al 0.2 Fx- A=

the components of the LAr Trigger vanishes whereas the Je s A4

Trigger efficiency reaches a maximum of close to 100%. The N TN

i i i i i 0
amount of data collected with this forward-jet trigger aeti 0O 20 40 60 80 100 120 140 160

corresponds to a luminosity of about 56 ". ¥ [°]
had

B. Heavy Quark Performance Fig. 13. Trigger efficiency for forward jets as a function bétpolar angle of
The Jet Trigger was also successfully used to perforifie hadronic final statgy.q, for both the Jet Trigger (top) and the LAr Trigger
electron identification and to trigger on electrons stengmi Z?tt:rgg'a':%rttr:‘eeir';ﬁ%?ﬁgﬁegn%ei:g=3§£C¥h‘g :fgﬁ{ﬂi;;%ﬁ?fhoenigﬁer
from decays of low momentum b-quarks. To access leptonigure shows the topology of a forward jet event in the LAr caeter. The
decays of heavy quarks, conventional track-based triggél% Trigger efficiency significantly drops at angles below°3@elimited by
usually apply a low track momentum threshold (e.gil) the vertical line, where the Jet Trigger efficiency reach@480%.
and therefore typically suffer from high rates at the kHzlev
Large prescale factors must be applied to record thesessvent
limiting the statistical precision of measuring low moment  The performance of the electron trigger in data is checked
heavy quark processes. with the decayJ/¥ — eTe™. Figure 15 shows the electron
In order to reduce the trigger rates and the prescale factadentification efficiency for two single tag electron finders
a trigger was designed during the summer of 2006, combiningguiring one electron candidate with a medium (&e3/)
the FTT and the Jet Trigger. The trigger combines the traekd a high (ZzeV) pr-threshold, and for a double tag electron
measurements of the FTT with the energy-sorted calorimefarder requiring two electron candidates with a low (G&V)
information coming from the Jet Trigger. The combinatiothreshold. The rate reduction achieved ranges from a fa&or
consists of both the kinematic and the geometric matchifigr the mediunp-threshold to 100 for the high-threshold
of the information coming from both devices to discriminatas shown in figure 16. Using the Jet Trigger, the rates are
electrons from hadrons. The triggered electrons must haesluced from 100 Hz to 1 Hz, acceptable for recording. Only
an FTT track pointing to a jet from the jet-container in amwith a double tag electron finder is it possible to implement a
acceptance window as illustrated in figure 14. Due to itgery lowpr-threshold of 1.ZzeV. The single tag finders reach
non-compensating design the H1 LAr calorimeter responseasmaximum efficiency of about 70%. The higher maximum
smaller for hadrons than for electrons of the same energfficiency of 85% of the double tag finder is due to relaxed
Therefore a cut on the ratio of the transverse energies méack-jet matching cuts. About 1@® ' of luminosity was
sured by the FTT and by the Jet Trigger permits a separati@torded with the electron trigger active. This large data
of electrons and hadrons. sample is used by H1 to measure beauty in photoproduction
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in an extended kinematic region (see [24]). E L1 rate
Calorimeter @ 100 p L2rate
cluster o F
(p 5 102 =
[e)) o
S C
= 10 |
= F
1 E
-1—...l...l...l...l...l...
10 0 2 4 12

. 6 8 30!
inst. lumi. [107 cm2 s1]

Fig. 16. Rates of the electron trigger with &2V pp-threshold at the first,
second and third trigger level as a function of the instegdas luminosity.
Using the Jet Trigger at the third trigger level, the achitvate reduction
vertex factor is about 100. The rates were reduced to 1 Hz, acceptablecording.

Fig. 14. The electron identification is done by allocatingtery FTT track
a jet from the Jet Trigger in a given acceptance windag, Ag. profile with the lowest energy threshold in the backwardorgi

and higher thresholds for more central electrons.
For an electron energy starting atG2V, each individual

€ E trigger reached an efficiency of about 70%, opening up the
0'9? WW ------- - necessary phase space for a predise measurement. Fig-
0'8§ d®'¢ P . ure 17 represents the efficiency to trigger on electrons as
0.7 T ) — a function of the electron energy for both the LAr Trigger
06 ; —~4 and the Jet Trigger. The threshold decrease, made posgible b
05E L3 electron trigger the Jet Trigger, is clearly visible. The 2B~" of luminosity
04F- H O low pr, double tag collected at low proton energies with this electron trigger
03F- ¢ g medum o T:tgale tag active have been analyzed to extr&gt[26] and will permit to
E h H i , Sl . . .
02F & 9 b Single tag provide more accurate parton density functions of the proto
0.1 ; s
E o8 &
o) ST—— " WSV L L 1
05 1 15 2 25 3 35 4 € —s :8::3:—0-'9".‘=0=*=
Pt [GeV] ~ e o
L e*p E =460GeV
—e- - P
Fig. 15. The electron identification efficiency of the sintdg medium and — —o—JetT+FTT
high pp electron finder £, ¢) as a function ofpp. The double tag electron B - LAIT
finder (0) with the lowestp-threshold for the electron is also shown. The o r
different pp-thresholds of 1.2, 1.5 and@eV are clearly visible. 0.5 —
- -o-
C. Electron Performance |
The last three months of the HERA data taking in spring L -
2007 were devoted to special low energy runs with reduced | ™ \ L L \ Ll L
proton energy. This program was launched to measure the 0 5 10 15
longitudinal structure functionf;, of the proton which is Electron Energy [GeV]

dominated by the contribution from the gluon density. The LA
Trigger becomes efficient for electrons abov&d/ which Fig. 17. Trigger efficiency for electrons as a function of #iectron energy
only allows limited access to the phase space whereFthe for both the LAr Trigger and the Jet Trigger.
contribution is sizeable.

To trigger on lower energy electrons, down t@G2V, two
triggers were combined to achieve a higher efficiency: The VI. CONCLUSION
previously described electron trigger where a track from th The HERA | program was completed by the end of 2000,
first level FTT is validated at the third level with a clustewith a total integrated luminosity of roughly 1206~ col-
from the Jet Trigger, and a new trigger where a cluster frolacted by the H1 experiment. The HERA Il phase, which
the first level Jet Trigger is validated at the third levellwét started in 2002, provided a threefold increase of the inatan
track from the FTT. To reduce the rates of the latter firstllevaeous luminosity, and was completed by the end of June 2007.
trigger, the TEG used an optimized theta dependent thréshdhe amount of data collected by the H1 experiment from the
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Jet Trigger activation until the end of the HERA 1l progranii4] M. Klein and R. YoshidaProg. Part. Nucl. Physvol. 61, pp. 343-393,
corresponds to a luminosity of 190 ~'. With the Jet Trigger

it was possible to substantially reduce the thresholds
triggering on electrons and jets and to record low energyr]
events which were not kept by previous triggers. The Jégl
Trigger opened the phase space for events containing asi gé]
forward jet and it was used to successfully decrease the]

electron triggering threshold from@®V down to 2GeV and

. ; : 1
to perform measurements which were not possible prewouéFy]

In a future high luminosity phase of the LHC (“SLHC"),

concepts similar to the Jet Trigger may be useful for tH&?!
calorimeter triggers of the LHC experiments to remain sen-
sitive to processes with low energy deposition. Also a mofes]
refined analysis of the pattern of energy deposition in the
calorimeters to perform particle identification on the firgg-

ger level, as conceptually laid out in a study of a caloriimetr

neural network trigger (see ref. [18]), might turn out to b
extremely helpful to efficiently trigger on exotic physics.
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