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(H1-Collaboration)

6.1 Electron proton collisions at up to 320 GeV center of mass energy:
overall status of the project

Since September 2000 no new data have been collected by the Hl-experiment, because even
after the conclusion of the long shutdown for the upgrade of the detector and the accelerator
in July 2001, no useful collisions have been observed so far. The tuning of the positron
and proton accelerators turned out to be more troublesome then expected, as we will report
below (Sec.6.2). Consequently, also the status of those Hl-components which have undergone
an upgrade remains largely untested under realistic, high intensity conditions. However,
after conclusion of the major effort, which was undertaken to optimize the calibration and
alignment of tracker components (see Sec.6.5) near the end of 2001, finally the first results
are emerging from the reprocessed 1999/2000 data (£ = 91pb~1!). Despite this most of our
publications use data taken before 1999 (£ = 50pb~!). In 18 publications ([1]-[18]) and 21
papers contributed to the 2001 high-energy conferences ([20]-[40]) of the collaboration the
following principal areas are covered:

e neutral and charged electroweak current cross sections, proton structure functions and
parton densities (extensions into the lower and higher Q? regimes, longitudinal structure
function and use of radiative events) [4, 5, 11, 20, 24, 25, 26, 37, 43, 44, 47|,

e determination of o, and its scale dependence (structure function analysis, dijets) [2, 4,
43, 44, 47),

e search for states outside the standard model (squarks, v*, leptoquarks, single top,
odderons) [6, 10, 14, 22, 33, 34, 36],

e photoproduction (inclusive, dijets, p, J/¥, QQ) [7, 16, 21, 30, 32, 38, 40],

e parton-fragmentation into multijet final states [1, 2, 3, 8, 15, 16, 31, 40],

e photo- and electroproduction of exclusive final states (p, J/¥, ¥') [21, 23, 27, 30],

e production of heavy quark-antiquark states (QQ) and of open charm and beauty [12,
13, 46, 38, 39, 41, 42, 45],

e diffractively produced final states (inclusive, D*, jets, p, J/W, W) [3, 13, 17, 18, 21, 23,
28, 29, 30, 31],

e virtual Compton scattering [9)].

We will report below on the analyses in the heavy quark sector (sections 6.6.2 and 6.6.4),
an area where there is manifest activity of the University of Ziirich group (F. Sefkow’s ha-
bilitation project and theses of J. Kroseberg and I. Foresti), in prompt photon production
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(Sec.6.6.3, K. Miiller’s habilitation project) and also give a brief overview of the general sta-
tus (Sec.6.6.1). Two Ziirich analysis projects which are not discussed in detail concern QED
Compton scattering (thesis N. Keller) and high Q? data (thesis N. Werner).

Besides the physics analysis the commissioning of our contributions to the upgrade pro-
gram of the H1-detector occupied most group members (see Sec.6.4).

6.2 Status of the HERA accelerator

At an Hl-meeting in February 2002 F. Willeke reported on the progress of the commissioning
of the HERA accelerator complex. First collisions were registered by the H1 luminosity
detector in September 2001. While collisions at low beam intensities (I, = 0.8 mA (e™)
and I, = 12 mA) have been obtained in December 2001 with a specific luminosity Lgpec. =
1.68 - 10%° mA~2ecm 257! (84 % of the design value, three times pre-upgrade average value)
and beam spot sizes of o, x o, ~ 150 x 50 pm?, the synchrotron radiation backgrounds
exceeded the values which allow to turn on the detectors at full currents by two orders of
magnitude. The beam based alignment procedures near the interaction regions took much
longer than originally envisioned, but the new beam lattice and optics are now relatively well
understood and the influence of the detector fields (in the absence of compensation coils) is
now manageable. The origins of the high synchrotron radiation backgrounds were traced to
a magnet aperture 90 m before the interaction region and backscattering from a collimator
behind H1 (in positron direction). New shielding masks were inserted between January and
March 2002 to protect against this. Furthermore a broken beam tube support in a cold
straight section of the proton ring was replaced during this period, which required breaking
the vacuum. In April 2002 shortly after the time interval reported here, the commissioning
procedures have restarted.

6.3 Status of the Hl-detector

Figure 6.1 shows the H1l-detector with those elements highlighted, which experienced modifi-
cation or have been added. In forward direction the existing proton and neutron detectors at
106 m and 60 - 90 m, respectively are supplemented by a very forward proton spectrometer
at 200 m, where the scattered proton and the circulating beam are already separated suffi-
ciently. This will increase the acceptance for charmed meson and vector meson production
for |t| < 0.5 GeV?2.

For high Q? events the track density in forward direction is quite high. The reconstruc-
tion of events in this region has therefore been quite difficult and had to rely primarily on
calorimeter response. The former radial drift chamber and transition radiation detector mod-
ules in the forward tracker (FTD) have now been replaced by eight planar wire chambers
giving greater redundancy and helping to resolve pattern recognition ambiguities. Five new
planes of Si detectors were also inserted near the beam pipe to cover small scattering angles.
The design is similar to that of the existing backward silicon detector (BST). In combination
with the central silicon detector built by ETHZ/PSI/UZH the H1-detector will now have
nearly 47 precision Si tracking coverage.

In the low Q? backward region new proportional chambers have replaced the backward
drift chamber, and the geometry of the time-of-flight scintillators has been adapted to the
new beam elements. The latter was also done in forward direction.

The two-layer inner proportional chambers (CIP) and the drift chamber (CIZ) built in
Zirich have been replaced by a new five-layer proportional chamber (CIP2000) also built in
Zirich. The aim of this change was to improve z-vertex triggering and track reconstruction
at the trigger level, as well as the rejection of background events, as we reported last year.
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The trigger scheme is based on a projective geometry of the pads along the z-axis, thus
requiring a decreasing number of pads with increasing width from the inner to the outer
layers. The increased number of readout channels required new readout [48] and trigger
electronics [49]. ETHZ is also involved in the development of a fast track trigger derived
from central jet chamber information, which will allow online invariant mass reconstruction
and hence selective triggering on charm and beauty production enriched samples.
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Figure 6.1: The H1-detector after its 2000/2001 upgrade. New or modified detector elements
are marked.

6.4 Summary of group activities related to the Hl-upgrade

The CIP2000 upgrade project is coordinated by the University of Ziirich (U. Straumann) with
ETH Ziirich and University of Heidelberg as partners. The ASIC laboratory in Heidelberg
developed the amplifier and readout chip CIPix, and the electronics for trigger and data
acquisition is a common Heidelberg and Ziirich University effort. ETH Ziirich was responsible
for all components dealing with the readout of the data at the detector end, and the transport
to the electronic trailer via an optical transmission line with drivers and receivers at either
end.

At the end of the two year construction period which involved up to five people in the
workshops of our institute the CIP was transported to DESY in February 2001 and mounted
inside the central tracker of H1. The readout prints and all other necessary supply connections
have been mounted in April 2001. Figure 6.2 shows some aspects of the final test procedures
in our laboratory in Ziirich and of the installation steps in Hamburg.

For the z-vertex trigger the CIP2000 data are multiplexed fourfold and fed to 16 trigger
cards, one per ¢-sector. To cope with the enormous data rate a highly parallel system had to
be developed. It is realised in large FPGA’s (Altera APEX 20k400) with internal dual ported
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e CIP2000 after completion in the
laboratory in Zirich.

e On-chamber electronics is being mounted
for tests in Zirich.

e CIP2000 is prepared for insertion
into the H1 central tracker.

e CIP2000 is in place.

e The HI1 central tracker in its final
position within the H1 detector seen
from the backward (incoming proton)
stde with the electronics, gas and

cooling lines connected (May 2001). o A CIP2000 trigger card.

Figure 6.2: Some aspects of the test procedures in our laboratory in Zurich and of the instal-
lation in Hamburg.
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memory. A trigger card is shown in Figure 6.2. The memory is used as a pipeline for the data
of the CIP2000 for 21 bunch crossings while the trigger decision is being made. The latter
proceeds in three consecutive steps. First tracks are reconstructed from the hits in the ~ 10*
pads, then a z-vertex histogram is built, and finally a trigger decision is made. The system can
cope with inefficient areas of a chamber or missing layers. The stored data are transfered via
VME bus to the H1 storage bank systems. Therefore a DAQ system with fast inhomogeneous
bus systems was developed. The whole system is now complete and has passed its initial tests
successfully. The total data throughput of the system is 108 GBytes/s (!). For the system
25’000 lines of code in a special hardware description language (verilog) had to be written.
The design and implementation of this trigger is the thesis project of M. Urban [49]. The
development of the CIP2000 data acquisition system is a task included in the thesis project
of J. Becker [50], while slow control (i.e. chamber HV and current as well as temperature
monitoring and control), and on-line monitoring of the chamber efficiency is part of the thesis
project of N. Werner. These different tasks necessary for the full integration of CIP2000 into
H1 are being coordinated by M. Hildebrandt. Since the old z-vertex trigger allows to calculate
the z-vertex histograms with a certain momentum threshold, it is planned to include it into
the system, too. The necessary interface cards necessary are being developed.

In July 2001 first tests with cosmic muons were possible with the H1-detector closed
and in beam position. Using the OR-signal, which is available from the 16 pads served
by each CIPix readout chip, and a combination of two layers of proportional chambers in
each of its 16 ¢ sectors, a cosmic muon trigger was created from the chamber itself. This
initial test confirmed the satisfactory chamber performance measurements in the laboratory
in Ztrich, but also pointed to a variety of problems related to insufficient cooling. The
ambient temperature produced by the central jet chamber electronics is so high, that the
CIPix reaches temperatures near 50°C with the normal cooling circuit running at 17°C.
At these temperatures instabilities in the addressing of some CIPix chips occurred at first,
and later a complete loss of their functionality can be observed. A subsequent laboratory
test confirmed that at these high temperatures wires bonded to the chips can break, which
explains the loss of connection. As a counter measure a separate cooling circuit was installed
with an operating temperature of 8°C, which will keep the CIPix temperature below 40°C.
However, out of the five chamber layers the outermost two were partly lost before the roots
of the problem were discovered. Furthermore three of the 24’000 anode wires are broken,
and a few ¢ sectors in the remaining three planes are missing, too. However, the inner three
chambers and the trigger derived from them still cover the complete solid angle and can
be operated, requiring a coincidence of at least two cathode pads on a track. The whole
frontend electronics is presently being rebuilt in such a way, that the bond breaking can no
longer occur, and during the next short shutdown a replacement is planned. Furthermore
additional cooling lines will then be added to the chamber electronics.

Since August 2001 the data acquisition has been completed, such that each individual pad
of the whole chamber can now be read out. Events are correctly stored and displayed, and the
readout timing has been adjusted within one bunch crossing to the central data acquisition
system. The correct trigger algorithm based on pad information and tracks has been written,
and was implemented on the FPGA’s and tested. For the fine tuning of course real collisions
are awaited. Four trigger elements are foreseen: correct event timing (7°0), vertex in the
interaction region, background from upstream or from downstream of the interaction region.
The temperature monitoring is installed and if a limit is exceeded the supply voltages will be
automatically switched off.
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6.5 Reprocessing for optimal tracking performance

Last year we reported on the collaboration-wide effort to optimize the performance of the
H1 tracking system. Using the additional redundancy provided by the central silicon tracker
(CST) and new mathematical procedures, the calibration of individual components, as well
as their overall consistency has been considerably improved; such that the obtained tracking
resolution now corresponds to the design goals. Although this initiative was primarily directed
towards achieving optimal vertexing precision which is so crucial for tagging heavy quarks
by means of their lifetime signature, momentum and angular resolution benefited as well.
As a consequence, the signal quality of invariant mass peaks also improved significantly. To
illustrate this, in Figure 6.3 the D* signal in the ”golden” decay mode D* — K, is shown,
as it has been obtained before and after the new reconstruction. Meanwhile all data taken
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Figure 6.3: D* signal in the mass difference distribution dm = m(Knm) —m(Kn) before and
after reprocessing the data with new alignment and calibration.

from 1997 to 2000 have been reprocessed, and similar improvements are observed for all
running periods. With the ”Tracking Task Force” thus successfully terminated, F. Sefkow,
who led the team for the past 2 years, has switched over to act as new convenor of the Heavy
Flavour physics working group in H1, which looks forward to exploiting the potential offered
by the improved precision and statistics of the data. In paticular the studies of charm and
beauty production depend heavily on the tracking performance, and in this area the largest
fraction of the HERA data still waits to be analyzed.

6.6 Results from recent analyses

6.6.1 ep collisions at high energies

Progress in our understanding of proton structure in the last few years is closely linked
to the improved accuracy and larger kinematic extent of the measurements from the two
experiments H1 and ZEUS at the electron- or positron-proton collider HERA. In conjunction
with older fixed target muon and neutrino data these new data are used to determine quark
and gluon densities within the proton through analysis of their QCD evolution.

To briefly introduce the terminology, we recall that the differential cross section for deep
inelastic positron (electron) proton scattering, if only the neutral electromagnetic current



Results from recent analyses 35

(virtual photon () and boson (Z") exchange) is considered, takes the following form:

2o

Q4

d?one 2ra’?
= (I)%Z(x? Qz) =

dr dQQ .’EQ4 Y+F2(x7Q2) q:foF:i('erQ) _yQFL(:U>Q2) .

The structure function term ®., z(z,Q?) is a linear combination of the dominant F, structure
function, the longitudinal structure function Fj, and the xzFj structure function which in
the standard model is significant only when Q? is sufficiently large to render Z° exchange
non-negligible. Q? = —t is the squared four-momentum transfer of the scattered positron
and x the fraction of the proton momentum carried by the struck quark. The variable y is
defined as y = Q?/xs, with /5 being the total positron-proton center of mass energy. In a
Lorentz frame where the proton is at rest, y measures the energy transfer of the positron.
The kinematical range covered at HERA is compared with that of fixed target experiments
in Fig.6.5. Reaching Q? ~ 10° GeV? corresponds to a spatial resolution in the am range.

One of the main goals of the HERA physics program is the determination of the three
structure functions. Since both the positron and the final state hadrons marking the path of
the struck quark are observed in the detector the kinematical variables can be reconstructed
from angle and energy of either positron or hadronic jet or a combination of both. For
example in terms of positron quantities one finds

2 2

ye=1- —Ee“;Ecoosee) L Q= —1ET’6 M= em =9

e — Ye Ye
M, is the mass of the positron-quark system, E7. the transverse energy of the positron,
E? = 27.5 GeV and 6, is the polar scattering angle relative to the proton direction. The
H1-detector has good positron energy resolution, which favors use of positron variables in
particular at high momentum transfers, but important and quite accurate cross checks using
the jet quantities are possible, too.
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Figure 6.4: Structure function terms ®yc = ®, and ®cc = Pw for etp scattering at
x = 0.13 as a function of (1 — y)?(taken from [51]).

For the charged electroweak current mediated by W-boson exchange the cross section
takes the form

d*occ B G% MIgV
Mg, 4+ Q°

de dQ* 27z
In leading order QCD the structure function terms take a particularly instructive form which

>2<I>W(:c,Q2) :
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exhibits the valence (u,d) and sea quark (s, c) densities within the proton

4 1 _
P, = (14 (1-y)?) §(u+c—|—ﬂ+5)+§(d—|—s—|—d+§)

Py =z [(@+e)+(1—y)?2d+s)] (") s ew=z[(ut+c)+(1—y)?*d+3)] (e7) .

The valence quark contributions can be identified through their dependence on (1 — y)?
equivalent to cos*(#*/2), where #* is the scattering angle in the eq centre-of-mass system
(Fig.6.4).

Figure 6.5 displays the positron proton cross section at high momentum transfer and
indicates nicely the electroweak unification scale of Q% ~ 10* GeV? (near equality of the
charged and neutral current cross sections), and the agreement between the data from the
two collider experiments as well as with standard model predictions. The latter agreement
holds also for all observables sensitive to signals of beyond the standard model physics.
The lower limits (95% confidence) on the quark radius assuming point-like leptons (fe = 1:
R, < 0.82 am (10~!¥m) or common form factors (f. = f,: R, < 0.57 am) may be cited [52)]
as just one example for the various exclusion limits set by our data [6, 10, 14, 35, 36, 52].
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Figure 6.5: Left: Kinematic reach of deep inelastic scattering experiments in the x versus Q*
plane [51]. Right: Positron-proton charged and neutral current cross section integrated over

all parton momenta x in function of the momentum transfer Q. The data come from both
HERA collider experiments [P52] [51].

6.6.2 Beauty cross section

Beauty production recently received renewed interest, also due to the new measurements at
HERA, which were in the focus of discussions on QCD tests at last year’s summer conferences.
The results [41, 45, 53] are summarized in Fig. 6.6a.

Thanks to the central silicon tracker H1 is leading the field in this area. The lifetime-based
results are unique at HERA and currently being finalized for publication (Thesis J. Krose-
berg). Similar discrepancies between data and theory have been observed in pp collisions, and
more recently, also in two-photon interactions at LEP (for a short review, see [41]). Deep-

inelastic ep scattering provides, apart from e*e™ annihilations, the cleanest environment for
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Figure 6.6: Left: ratio of b production cross sections measured at HERA over theoretical
expectation, as a function of Q>. Right: distributions of a vertex estimator for data and
simulated bb, cé and light quark events. Small values indicate the presence of tracks from
secondary decay vertices.

the study of beauty production, since uncertainties associated with hadronic structure are
limited to the well-measured proton. Studies of the process at HERA therefore hold the
promise to provide clues to resolve this puzzle.

In order to obtain more information on the production dynamics, it is necessary to tag the
rarely produced b quarks with highest possible efficiency. Multi-impact parameter methods
based on the lifetime signature in inclusive decay modes have been successfully applied at
other experiments and hold the promise to bear fruit also at HERA, since the achieved track
and vertex resolutions are similar to, e.g., what is available at LEP. The idea is to combine
the significances with which extrapolated tracks miss the ep interaction point such that one
obtains a probability which quantifies whether an event or a jet originates from one common
primary vertex, or contains secondary vertices from heavy quark decays. The discriminating
power of an estimator constructed along these lines is illustrated in Fig.6.6b taken from
ongoing analysis work (thesis I. Foresti).

We are using here a muon-tagged dijet sample, on which our previous measurements are
based, such that the beauty content is under control. This allows the tagging efficiency to be
calibrated for a subsequent application of the method to the general case of an unbiased jet
selection.

6.6.3 Prompt photon production

Besides deep-inelastic scattering at HERA also reactions of high energy photons with the
proton can be studied (vp collisions).

During the last years the research concentrated on the structure of the virtual photon,
and on the determination of an effective parton distribution in the photon based on the
measurement of di-jet events.

With the large luminosity of 133 pb~! collected in the years 96-00 it is now possible
to study the structure of the photon in more detail by analysing events with isolated high
energetic photons. Events with a hard photon (prompt photon) instead of a gluon emitted in
the hard subprocess depend much less on details of the fragmentation or hadronisation. As
a result the systematic error in the determination of the momentum fraction of the partons
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of the scattering process is reduced considerably.

The cross section of the direct process gy — ¢y where the virtual photon takes part in
the scattering process is 197 pb. Relevant for the determination of the photon structure is
the resolved process, where a parton from the photon scatters off a parton from the proton.
The dominant resolved process gqg — g7 has a cross section of 273 pb, the process qG§ — g7
is strongly suppressed with a cross section of only 40 pb. The resolved process is further
suppressed kinematically, since the scattered photon is pointing in forward direction (direction
of the proton beam). In forward direction the identification of the photon is hampered
by multiple scattering and conversion due to dead material and particles from the proton
remnant.
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Figure 6.7: Visible cross section for (a) two jet events and (b) events with prompt photons as
a function of v, the momentum fraction of the photon carried by the parton. The full line
shows the contribution of the direct process, the dashed line from the resolved process and the
dotted line the sum of both.

The disadvantage of this analysis is the low cross section which is suppressed by a factor
of the order of O(a/as) with respect to the two jet production (see Fig.6.7). Therefore,
the crucial point of the analysis is the identification of background from di-jet production in
photoproduction events with high transverse momenta. The particles which mimic a photon
candidate are mainly neutral mesons (7% or 7).

The transverse and longitudinal cluster size is used to suppress these events but is not
sufficient to separate signal and background. A further cut on the isolation of the photon,
which also reduces higher order processes such as events with a photon radiated off the
outgoing quark, has to be applied. It reduces the background to roughly 25% but cuts also
significantly into the signal for resolved photons.

Further discrimination of neutral mesons and photons on a statistical basis need a detailed
understanding of the shower shapes both in data and in Monte Carlo. The standard Monte
Carlo description is not sufficient so it was necessary to start a detailed though time consuming
simulation both for the signal and the background contribution. Preliminary results are
expected this summer.

6.6.4 Inelastic J/¥ production

Also in the second branch of heavy flavour physics, in heavy quarkonium production, H1
recently arrived at new, leading results based on large statistics (~ 80pb~!), including most
recent data. The J/¥ meson with its clean experimental dilepton signature was originally
thought to provide access to the gluon density in the proton in a similar manner as open
charm production. However, measurements of charmonium production in pp collisions were
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found in excess of predictions by one to two orders of magnitude and put the validity of the
conventional QCD approach into doubt. In the theoretical description, additional production
channels were introduced; the requirement that the bound c¢ state produced in the hard
perturbative interaction must be left in a color-neutral (color-singlet CS) state was given
up, color-octet (CO) states with net color-charge are in general expected to contribute as
well. The Tevatron data can be described in this framework, however at the expense of
new non-perturbative degrees of freedom, which describe the transition from the octet states
into observable (color-neutral) hadrons. These parameters must be adjusted to experimental
data, but are considered to be universal; a hypothesis which must withstand experimental
verification.

HERA provides a formidable testing ground for these rather recent developments. The
measured pr spectrum of .JJ/¥ mesons recorded in photoproduction is compared to theoretical
predictions in Fig.6.8. The events have triggered using track information from the CIP and
CJC, in coincidence with a muon signal from the J/¥ decay. The data extend to higher
transverse momenta than previous measurements and thus provide a better lever arm to
disentangle contributions with different pp dependences. In fact, the reaction yp — J/¥X is
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Figure 6.8: pp spectra of J/W mesons, measured in photoproduction, compared with QCD
predictions. The NLO calculation is not applicable at low values of the inelasticity z, where
resolved photon processes become important.

the only one for which a full next-to-leading order (NLO) computation has been performed,
and the comparison shows that while a description including CS and CO contributions is
compatible with the data, adding order a? corrections can change their relative importance
considerably. The CO processes also exhibit different variations with photon virtuality Q2;
measurements in DIS therefore provide complementary information. The J/W cross section as
a function of Q? is displayed in Fig.6.9. The recent QCD calculation, shown for comparison,
includes part of the NLO corrections and is expected to be more reliably for virtualities higher
than the J/¥ mass squared. The new data, with extended range and precision, are in fact
better described as Q? increases. These measurements represent significant constraints to
the further development of a unified QCD description of charmonium production in pp, vp
and ep interactions.
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Figure 6.9: J/U production cross sections, measured in DIS as functions of Q* and of D75
the transverse momentum in the hadronic centre-of-mass system, compared with QCD calcu-

lations.
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