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This report covers the two main activities of the Zurich graat CERN on the ATHENA and
CMS experiments between 1 April 2004 and 31 March 2005. Isdu include the activity of one
of us (C.A.) within the Particle Data Group, contributingthe “Review of Particle Physics” and the
“Particle Physics Booklet”. Further details on the groufivities and publication reprints can be
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1 Production and Spectroscopy of Antihydrogen

C. Amsler, I. Johnson, N. MadserH. Pruys, C. Regenfus, and J. Rochet

In collaboration with: CERN, University of Aarhus, Bresctaenoa, Pavia, RIKEN,
Rio de Janeiro, Swansea, Tokyo (ATHENA Collaboration).
I Now at the University of Aaarhus, Denmark

1.1 Introduction

Following the first observation of cold antihydrogef)in 2002 [1], the ATHENA collaboration con-
tinued to optimize the antihydrogen formation rate and giolgthe 7 production mechanisms when
low energy antiprotons are merged with dense and cold positasma [2, 3, 4, 5]. In this report we
summarize the results achieved in 2004. The Zurich grougléasoped a new technique to measure
the Lorentz deflection angle in silicon microstrip detestf]. We have also performed a feasibility
study to measure the gravitational acceleration of antanaffwo unforeseen obstacles have been
encountered by ATHENA for spectroscopy experiments witld d: first, antihnydrogen appears to
be formed before thermalization in the nested Penning trapwe are using. The kinetic energy is
then too high to confine th& atoms in the inhomogeneous magnetic field of e.g. a quadsupol
mutipole trap. Second, thA production mechanism (radiative or three-body combimtie still
ambiguous. If three-body combination dominatesetp — He™) then 1s - 2s spectroscopy is not
straightforward, since this mechanism populates the highbBrg states of th& atom. Ways are in
sight to solve these issues, but this will require significame and R & D efforts.

The ATHENA positron-antiproton mixing trap comprises aiegmf hollow cylinders at 15 K
generating the axialzj potential configuration of a nested Penning trap. The tadiafinement is
provided by a 3 T axial magnetic field. The detector foand et annihilation built by the Zurich
group [7] surrounds the mixing trap. It consists of two cglical layers of double-sided silicon
strip detectors (radii o cm and5 cm) to register the charged annihilation pions and to recocis
the annihilation vertex. Each layer contains 16 doublegithodules with active lengths 6 cm.
Antihydrogen is detected by requiring the spatial and tempooincidence of the vertex with two
back-to-back 511 keVy's produced by the annihilation of the positron. Ths are detected by
a high granularity electromagnetic detector comprising €8l crystals with avalanche photodiode
readout. A detailed description of the ATHENA apparatus lwafound in ref. [8].

1.2 Measurement of the Lorentz angle

We have measured the Lorentz deflection angle in microstripas operated at a temperature of 130
Kin a 3 T magnetic field. This measurement was performed vagmic ray data and the ATHENA
microstrip detector. The detector axis was parallel to tradgeneous 3 T solenoidal magnetic field.
Thus the charge drift is perpendicular to the magnetic field.

Due to the propagation of charge carriers along the Loremteathe charge spread at the col-
lection surface is distorted in length and displaced. Impasitions for charged particles are recon-
structed with a center of gravity algorithm of charge cabeicby adjacent strips. Tracks that traverse
the silicon parallel to the Lorentz deflection generate thertest charge spread and have similar
charge collection properties to tracks that cross perperati to the sensor plane in the absence of
magnetic field. A geometric model that relates the trackination to the average cluster width has
been developed to measure the Lorentz angle [6].

Cosmic rays traversing both cylinders were reconstruatewh the four 3D points by requiring
charged particles to fully traverse both cylinders. Ther fepatial measurements were fitted with a
helix for data with the magnetic field on, and a straight lioe data without magnetic field. The
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Lorentz angle was measured by fitting the model to distrdimgtiof the average cluster size as a
function of track inclination. The data sample was dividet i>» andé intervals (polar and azimuthal
angle). Three distributions are shown in fig. 1.1. As expkdige data taken without magnetic field
are symmetric aroungi= 0 (perpendicular incidence), while data taken with maigriitld are shifted
towards positive values. The data are in excellent agreewidgnthe model fits. These measurements
correspond to holes drifting in sensors operated at 130 K3iif anagnetic field, and with an average
internal electric field of 1.3 kV/cm. The Lorentz angle wasrid to be 19.6_%;2 degrees [6].
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Figure 1.1:Distribution of the average number of strips vs. inclinatiangled in three intervals of
¢; around ¢ = -20°(a), O° (b) and 20 (c) for field—off (circles) and field—on (crosses). The carve
show the model fits.

1.3 H production mechanism

Antihydrogen production is carried out by first loading thigimg trap with7 x 107 e* which cool to
the ambient temperature of 15 K by the emission of synchmatadiation, and then by injecting about
10* pthat interact through the Coulomb interaction with ¢Heplasma. We let the antiprotons interact
with the positrons for about 180 s before ejecting both sseand restarting the cycle. Neutddl
atoms drift towards the electrodes of the mixing trap whiey annihilate.

The two relevant mechanisms féf formation are two-body radiative recombination (in which a
photon removes the binding energy) and three-body combiméh which a second positron removes
the excess energy). The two processes lead to differesthte populations, the former populating
mainly the lown states (this is the relevant process for the 1s - 2s lasetrepecpy) and the latter
mainly the highn states. The two processes have also different temperagpendences /2 for
the former andl"™=9/2 for the latter. We have measured the temperature dependétdtdormation
[3] by changing the positron plasma temperature with a rérdiguency excitation. Neither of the two
power laws gives a good fit to the data, althoughZhé’/2 dependence provides a better description.
Since H is still produced at room temperature, radiative combamais favored over three-body
combination.

However, the observed high antihydrogen production rataKpate of 44@ 40 Hz [2]) is incom-
patible with the much smaller ratec(40 Hz) predicted by the two-body radiative process. In fact,
some recent Monte Carlo calculations based on the threg-bagtess [9] are consistent with the
oberved high rate of antihydrogen production and the foactif atoms £ 15 %) that are sufficiently
bound to escape the potential well and annihilate on thewedlbwhere they are detected.

Hence the cooling dynamics of the antiprotons in the mixiag remains ambiguous and calls
for more sophisticated measurements and calculations bieanofurther information on the recom-
bination mechanism an attempt was made to stimulate regliatimbination. We used a Gaser to
stimulate the two-body process from the continuum tatkell antihydrogen bound state. The laser
system in shown in fig. 1.2. The laser beam was focused at titercef the positron cloud (beam
waist 20 = 2.0 mm). The wavelength of the laser was tuned by changieaitigle of the grating
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Figure 1.2:Laser setup used in 2004 to stimulate the formation of adtigen.

which also served as the high reflecting mirror at one endefdber cavity. The wavelength could
be tuned from 9.5:m to 11.2um. At the optimum wavelength of 10.96m the rate of stimulated
two-body radiative combination was expected to be 60 Hzfeagahancement easily detectable by
the Zurich detector. The laser power was 100 &2 and the transmission to the mixing trap 70 %,
measured by a laser power meter at the end of the ATHENA magneaiaand directly at the exit of
the laser.
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Figure 1.3:Annihilation rate as a function of time for laser ON and las¥fF.

Figure 1.3 shows the time distribution of annihilation i@$ with and without laser stimulation.
There is no obvious enhancement, although the data stitl ttebe analyzed in detail. The absence
of stimulation favours the three-body recombination medra.

1.4 H angular distribution

We have shown that about 65 % of all observed annihilation® wae to antihydrogen [2]. Hence
the detection of the two 511 keY's that led to the unambiguous observation of antihydrogen i
ref. [1] (golden events) but which was inefficient .5 x 10~3) is not really required to study the
production mechanism. Hence the spatial distribution efeémergingd atoms was studied without
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~-coincidence to increase the size of the statistical safBpl€&igure 1.4 shows the vertex distribution
along thez axis for all annihilations (a) and fg¥ annihilations without™ mixing (b). Subtracting
(b) from (a) (and applying a cut for the so-called hot spotthantransverse projection [10]) leads to
the z distribution of annihilatingd atoms (fig. 1.4c). The distribution is in good agreement ith
one obtained with the2coincidence.
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Figure 1.4:Distribution of annihilations along the trap axis)(a) for all vertices during cold mixing
(1.75 x 10° events) and (b) fop annihilating in a nested trap without™ (5717 events). The colored
area in (c) shows the difference after eliminating hot si§at9 x 10* events). The full circles show
H annihilations when two back-to-back 511 keV photons areired in coincidence. The solid line
gives the detector acceptance.

Figure 1.5 shows that atoms tend to move preferably along thaxis, although the distribution
is not far from isotropy. The distribution is independenthd positron temperature (but the formation
rates decreases with positron temperature). A model hasdeeloped assuming a positron plasma
rotating at a frequency of 80 kHz. The plasma was typicalfy fBm in radius, 32 mm in length,
and had a density of 1.% 10° cm™3. The data in fig. 1.5 are consistent with a two-temperature
Maxwellian model for the velocities of the produced antifggen. In the axial direction the kinetic
energy is typically an order of magnitude larger than in tteadverse direction. The formation
temperature is 150 K in the axial direction if the equilibnuemperature (15 K) is reached in the
transverse direction. Hence antihydrogemdd produced at thermal equilibrium between the two
plasma.

These are bad news for trapping antihydrogen and for peifigrii spectroscopy since typical
neutral traps have depths of about 1 K. Therefore very fewill be trapped. To produce cold it
is thus necessary to have cold antiprotons before mixinly positrons.
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Figure 1.5: Distribution of antihydrogen annihilation along the trapia () for cold mixing and
mixing with positrons heated to two different temperatugse dot-dashed line is the prediction for
isotropic emission from the positron plasma volume. Theibigions have been normalized to the
same area.

1.5 Outlook

A possible solution to confinél could be to invert the current mechanism for formation aag tr
the antiprotons in the center of the nested trap, coolingtfiest with electrons. This means that
thee™p — H mechanism needs to be studied in a completely new configoraffhe presence
of the magnetic field gradient needed for the neutral trap sieongly influences the stability of
the confinement of the charged particles. One of the majoesss the breaking of the rotational
symmetry induced by the presence of the radial magneticHiglihg values comparable to the axial
magnetic field of the charged particle trap.

The conceptual design that we are currently investigatingsees a mixing region that allows the
confinement of positrons, antiprotons and the neutral yaitdtgen atoms in the same volume. This is
achieved by superimposing a trap for charged particle cemfent with a trap for antihydrogen, made
by a radial multipolar magnetic gradient together with aialamagnetic bottle. This issue is being
pursued by our colleagues from Genoa with electrons andmpsatombining to form hydrogen. A
Lyman- laser with sufficient power for the laser cooling of antinyglen atoms is being considered
by collaborators from Florence.

1.5.1 Antimatter gravity

Assuming CPT symmetry antimattéd would fall on an anti-earth with the same acceleration
as matterM on the earth. However, CPT does not make any statement orctieéesationg of
antimatter by the earth. In quantum field theories (QFT;demediated by the exchange of bosons
with spin 1 may be repulsive or attractive (such as+hef QED) while spin 0 and 2 exchanges are
attractive. However, a QFT formulation of general reldayiwith a tensor T (the spin 2 graviton) is
inconsistent. Extensions including supersymmetric gastiof the graviton lead to vector V (spin 1)
and scalar S (spin 0) exchanges. At least partial canamilati V and S interactions is expected in
M M while attractive coherence is predicted far)/. Therefore antimatter will fall on earth with a
larger acceleration than matter. The size of the effectmf#gpen the relative strength between S and
V exchanges. Measurements performed with Eotvos-typeraxents onM M lead to predictions
for the relative difference betwegnandg varying between 10 % and<20~6.

We have investigated the feasibility of a pilot experimeithw atoms with energies of typically
1 K. For a 1 m flight distance the gravitational sag of a singtajzontally emitted, 4 atom of 1 K
kinetic energy could be measured to within a few percentafamission point, initial flight direction
and energy of the atom are known. Better precisions can lmhedawith I atoms with energies
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below 1 K. A possible experiment coupled to &hsource would consist of horizontal slits and a
position sensitived detector to measure the sag of the interference patternb@stesolution uses a
Mach-Zehnder matter wave interferometer consisting ofitkeatical transmission gratings (fig. 1.6,
left). Such a device was used for measuremenis with cold atoms or neutrons [11]. It does not
require a monochromatic atomic source since the interéer@attern is independent of wavelength.
However, the divergence of the beam must be sufficiently Ismalvoid smearing.

The sag can be determined with high precision by rotatingétep around the beam axis by?90
(slits vertical). The gravitational sag for a distance= 1 m is shown in fig 1.6 (right) as a function
of temperature. A temperature of 0.5 K (typical for a multgtyap) corresponds to a sag of 400.
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Figure 1.6:Left: Mach-Zehnder interferometer with two identical tsamission gratings and position

sensitivel{ detector. Right: Gravitational sag df atoms in the gravitational field after 1 m flight
distance (assuming=9.81 m/2).

We assume that a spatial resolution gfrh for the annihilation point on the detector surface can
be achieved and plan to use a silicon microstrip detectactlay theH annihilations with spatial
and time-of-flight information. The extraction of the atomstcdhe neutral trap could be done by
either lowering one of the axial magnetic wells or kicking fi out with a magnetic pulse. Since the
time of flight is in the range of 100 ms, only a moderate regmubn the kick-out time is required.

A proposal to the CERN Committees will be submitted in duectiglepending on the results of
the R&D efforts mentioned above. The ATHENA project itselissxcompleted in December 2004
with the closure of the antiproton decelerator for at le@stmbnths.
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2 Particle Physics with CMS at the LHC

Y. Allkofer, C. Amsler, V. Chiochia, A. Dorokhov, C. HormanK. Prokofiev, H. Pruys,
C. Regenfus, P. Robmann, J. Rochet, T. Speer, S. SteineD.aFsirigkas

In collaboration with: ETH-Zurich, Paul Scherrer Insti{fRSl) and the CMS Collaboration.
¥ CERN doctoral student

2.1 Physics programme

The Higgs boson mass is predicted to be smaller than 251 GeW(€.L.) and LEP experiments
have set a lower experimental limit of 114 GeV (95 % C.L.). ghli Higgs decays mainly tbh, a
heavy Higgs mainly to four leptons vid W or Z°Z° (fig. 2.1a). However, the two-gluogy — bb
background dominates the signal for a light Higgs. For CM8 eofithe sensitive channels to search
for a light Higgs isH — ~v (fig. 2.1b) . This is the motivation for the large electrometim
calorimeter made of 80’000 PbW@rystals.

The LHC is scheduled to start operations in 2007 at a centeiask energy of/s = 14 TeV. The
target luminosity is 18 cm~2s~! which corresponds to an integrated luminosity of about 1'fb
achieved every day, assuming full efficiency. This lumitosiill hopefully be reached after 2 - 3
years of LHC operation. Figure fig. 2.1b shows the requiréegimted luminosity for & Higgs
discovery, as a function of mass. Since the final luminosiity wot be obtained immediately, the
Higgs is not likely to be observed during the commissionilegrg, unless it is rather heavy (see fig.
2.1b).
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Figure 2.1:a) Higgs decay branching ratios as a function of Higgs magdntegrated luminosity
required for a discovery with statistical significance of @ fo~! represents 1 day of LHC operation
at full luminosity and efficiency).

The Zurich group has therefore decided to concentrate firsfsues related t8 meson physics.
At the LHC the cross section féb production is five orders of magnitude higher than at the ffewa
and 10* bb pairs/s will be produced, even with a reduced luminosity @lcm~2s~!. Also the
physics involvingB, mesons {s and 5d) will not be covered at the curreri factories (since the
Y (4s) does not decay t8, B;). For B physics the pixel detector we are constructing will be etiaen
to tag secondary vertices from decays.
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We are preparing [1] a high statistics measurement of thaydebannelB, — J/v¢ ¢ with
J/p — ptu~ (orete”)and¢ — KTK~. This channel is one of the golden channels to study
many properties of3, mesons such as CP violation in thg system and3, — B, oscillations. The
search for raré3,-decays such aB, — u™u~, B; — p+u~ ¢, which have not been observed, opens
windows for new physics beyond the standard model. Our éxpez with the reconstruction d@?
mesons at CMS will then be quite useful to search for the Hig@scleaner environment, such as the
associated productiattH, H — bb, leading to four jets containingrquarks.

2.2 Performance tests of the silicon pixel detector

To reconstructB mesons and suppress the dominating light quark and gluckglmamd one has
to determine the primary interaction and secondBrylecay vertices. The optimum resolution is
achieved with the first detector layer as close as possilileetbeam-beam collision point. The first
layer of our silicon pixel detector is at a distance~oft cm from the interaction point. The very high
particle flux near the primary vertex-(1000 particles every 25 ns) requires a highly granular detec
composed of pixels delivering 3D coordinates with resohsiof the order of 1xm.

Figure 2.2:a) the CMS pixel vertex detector; b) Schematic view of a miegtctor element. Each
sensor pixel is connected through an indium solder bump taed pnit cell on the readout chip which
amplifies and processes the signal. The data are stored gidtiphery of the chip where they wait
for trigger confirmation.

The pixel detector consists of three concentric cylindriagers, 53 cm long, with radii of 4.4,
7.3 and 10.2 cm and forward/backward wheels (fig. 2.2a). @tterlwheels will be provided by the
US collaborators while the barrel layers are built by the Swjroups. The pixels are mounted on
segmented sensor plates with readout chips in @r%echnology, connected by indium bump bonds
(fig. 2.2b). The analogue signals are read out to determime&dbrdinates more accurately, using
charge sharing between pixels.

Radiation hardness is the main concern. We are using oxygirhed silicon substrates which
are more resistant to radiation. The pixels are formed biatisd n" implants and the pn junction
is formed by a large p implant on the backside (fig. 2.3). The thickness of the Seiss®85,m
and the pixel size is 106150 um?. The pixels must be separated by fype isolation in order
to prevent conductive interconnection between them cabgeglectron accumulation close to the
surface between pixels. Two designs of gopants separations were tested, the p-spray design (fig.
2.3, left) for which a moderate boron spray concentratianldeen diffused between pixels (produced
by CiS, Erfurt), and the p—stop ring structure (fig. 2.3, tjghith very high boron concentration
surrounding every pixel (manufactured by SINTEF, Oslo).k&ep the pixel potential close to the
readout chip potential (in the event of a pixel loosing théium bump connection) the pixels are
not completely isolated from each other. The high resistiter—pixels connection is achieved by a
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Figure 2.3:Front view and cross section of the p-spray (left) and p-stegigns (right).
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punch—through structure and biasing grid in the the p—sgesygn and a gap in the p—rings for the
p—stop design.

In 2004 we tested the performances of various pixel desigferd and after irradiation. The
pixel dimensions were of the former design (1258125 um?). They were irradiated up to a fluence
of 10'% n.,/cm? (neutron equivalent dose per unit surface) with 24 GeV mrefoom the CERN PS.
For comparison the first four years of LHC operation graguadinverging to the nominal luminosity
correspond to 6« 10'4 n.,/cn?? for the innermost (4.4 cm) pixel layer.

Figure 2.4:Left: Pixel sensor prototypes and readout inserted bewkerthird and fourth plane of
the silicon beam telescope. Right: Helmholtz coils prangdh magnetic field of 3T.

The samples were tested with 150-225 GeV pions in the H2 bigenot the CERN SPS in 2003
and 2004 [2, 3]. The beam test setup consisted of our beasttgle [4] made of 8 silicon microstrip
detectors (4 measuring the horizontadnd 4 the vertical) impact points) with 5Q:m readout pitch
and a fast trigger diode. The pixel sensors were bump-botalesh earlier readout chip (PSI30)
and were mounted on a rotating support positioned betweaesdgbond and third plane of the beam
telescope (fig. 2.4, left). The samples were stabilized atrgperature of -10C by means of water
cooled Peltier elements. The hit coordinates on the sersdd de determined from the telescope
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with a resolution ofr ~ 1 um. The telescope was inserted in the gap between two suirciinmgy
Helmholtz coils providing a field of 3 T (fig. 2.4, right). Maaements were performed with the
field parallel to the beam (to measure the Lorentz angle, slegvhband perpendicular to the beam (to
measure the position resolution).

With our high resolution telescope it was possible to scarstirface of the sensors and to deter-
mine the charge collection efficiency. Irradiated sensbesvstrapping of charge carriers and the bias
voltage has to be increased from typically 100 to 450 V toemlmore charge and reach full deple-
tion. Figure 2.5 shows the average charge collected foraysgnd p-stop before and after irradiation.
The region with the highest collection efficiency is in thetal part of the pixel corresponding to
the n" implants. The charge collection efficiency is higher thanti@ p-stop design, about 60 % of
that for unirradiated sensors after a fluence®f n.,/cm?. The charge collection efficiency is lower
in the punch-through regions in the case of the p-spray deSige p-spray and p-stop designs which
were exposed to a fluence of-610* n,,/cm? have a particle detection efficiency of 99 % with a
threshold of 2000 electrons. The respective value for tap-design is somewhat lower, 95 %. The
p-spray design is therefore preferred over the p-stop.

(@)
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Figure 2.5:Collected charge over the pixel surface at full depletioedRblue) correponds to high
(low) charge levels. The number of collected electrons @svshin the righthand bars. The plots on
the left show the p-spray types before (a) and after irradiatvith 6.7 x 1014 n.,/cn? (b). The plots
on the right show the corresponding charge for the p—stojigdes

The signal-to-noise ratio is about 70 for the unirradiatesppay sensors, about 50 for the sensors
exposed to a fluence of & 10'* n.,/cm?, and about 10 for a fluence of 2:6 10 n.,/cn? (fig.
2.6). Based on the results of these measurements [3] we hasgertthe p—spray design for the barrel
sensors. The results from the 2004 tests show that the grebss can be operated up to irradiation
fluences ofl0'® n.,/cm?. This is much higher than what was originally specified f& @MS pixel
detector.
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Figure 2.6:Signal-to-noise ratio measured with the p-spray sensoms fasiction of irradiation.

2.3 Charge collection as a function of depth

The charge collection depends on the location of the chaggesit in the sensor bulk. The electron—
hole pairs created in the bulk of a fully depleted unirragliasensor reach the electrodes and con-
tribute to the signal, while for irradiated sensors thepiag centers reduce the probability that charge
reaches the electrode. This results in a smaller signalcfiieye collection efficiency was measured
with high energy pions crossing the sensor at a grazing angl&5° with respect to the pixel surface.
The pixels at the distancefrom the impact point along the beam direction sense thegeh@deposit
at a depthd = 2 tan in the sensor.

Figure 2.7a shows the average signal as a functianfof various bias voltages and for a fluence
of 6 x 10! n.,/cm?. The depletion is believed to start from the implant siderafradiation leading
to type inversion. Thus charge should be collected only ftieendepletion region close to the pixel
implant at low bias voltages. However, the measured depeedef the charge collection efficiency
(shoulder at high voltages) indicates that even at low bidimges the charge is collected from both
sides of the sensor. This means that for the irradiated eetts® depletion starts from both sides of
the sensor bulk. In the conventional picture the total ctélé charge is proportional t@V;;,, up to
full depletion voltage. The total charge collected is shawfig. 2.7b as a function of/V;,s. These
curves do not exhibit the expectedV,;., dependence, due the behavior of the electric field which
does not vary linearly across the sensor depth, as expewtedifradiated devices. This observation
is supported by the direct measurement of the electric frelthé sensor bulk [3] and by a detailed
simulation [5].

2.4 Lorentz angle as a function of depth

In the presence of a magnetic field the electrons and holegjedtected from their drift along the
electric field lines. We have measured the deflection angheefitz angled;) as a function of depth

in the 3 T field provided by the Helmholtz coils of fig. 2.4 (rtyhusing the technique described in
ref. [6, 7]. The beam enters the sensor plane at the graziglg arand the magnetic field is parallel
to the beam. Without magnetic field the charge generated igen depthd would reach the pixel at

a distancer along the beam line, as described in previous section. Wabneatic field the charge is
now deflected towards the adjacent pixel rows. Thereforeeasorement of the charge distribution
among adjacent pixels yields the Lorentz arfjleas a function oft, and hence sensor depth [8].

Figure 2.8a shows the typical displacement of the collectedge at the surface of the sensor and
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fig. 2.8b the displacement of the charge as a function of théhd® which the charge was produced,
for various irradiation levels. One observes that the tspldcement (and hendég) decreases with
irradiation. This is simply due to the increasing electrigldineeded to fully deplete the sensor.
Extrapolating to 4 T one finds a Lorentz angle of (26:3.8) close to the pixel implants for the
unirradiated sensor (100 V bias) and (1%6.4) after 6.7x 10'4 n.,/cm? (450 V bias).

Figure 2.9a shows hotl;, depends on the sensor depth for various irradiation le¥éls.Lorentz
angle appears to depend on depth. Sthcdepends o, B and the mobility (the latter also being a
function of E'), a measurement @f;, as a function of depth determines the behaviour of the @ectr
field as a function of depth. Using a well known empirical pae#rization of the mobility one can
extract the electric field as a function of sensor depth [3gufe 2.9b shows that the electric field
reaches maxima below both surfaces and a minimum in the lemitec

2.5 Position resolution

The magnetic field was switched perpendicularly to the bearafroduce the geometry of the CMS
barrel sensors and the position resolution of irradiated@es was measured with high energy pions
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Figure 2.9:(a) Lorentz angle);, as a function of depth; (b) Electric field as a function of depihe
regions immediately below the surfaces Z0u:m) are affected by large systematic uncertainties.

in a magnetic field of 3 T [3]. A simulation of the response @& fi25x 125, m? was then performed,
including the behaviour of th&'-field described in the previous section, and verified wittaddhe
simulation was then used to predict the expected chargangtemd the resolution for irradiated 100
x 150 m? sensors of CMS at 4 T. Due to the widths of the (flat) modules.thes resolution along
the r¢ direction (azimuthal angle direction) will vary with. It lies between 1Qum and 20um,
depending on irradiation fluence and polar angle (fig. 2.2Z®er the first four years of operation
the resolution at the innermost barrel layer is still beldv.2n along ther¢ direction and depends
weakly on the polar angle. The resolution along thdirection is better than 20m.
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Figure 2.10:Predictedr¢ position resolution in the CMS pixel barrel as a function nirauthal angle
¢, for various polar angle® and irradiation fluences.

In conclusion, the pixel sensors for CMS will perform acdéngdto expectation and those at 4
cm from the collision point will fulfill the requirements atdst during the first four years of LHC

operation.
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2.6 Mechanical support structure

The design and construction of the mechanical supporttateior the CMS pixel detector is per-
formed by our group and our Institute’s workshop. The detrestipport structures (fig. 2.11, left) are
made of aluminum tubes (wall thickness 30®) which are of trapezoidal shape to fit the geometri-
cal constraints. The custom made 240 thick carbon fibre blades which support the pixel modules
are then glued to the tubes forming the detector segments: tédive of the aluminium tubes are
laser-welded to an aluminum container which distributes dboling fluid. Laser-welding is done
in collaboration with industry. The manifold cools the dete modules to -20C using GF4 as a
coolant. On both ends the manifolds are embedded in a catangiipport frame which supports
the single segments and makes up the detector layer hdlf shel

Aluminum
Container

Barrel Pixel

_ Det ect or

Barrel Pixel
Supply Tube

Aluminum Carbon Fibre
Support Frame

Barrel Pixel
/ Supply Tube

Carbon Fibre

Blade

Figure 2.11:Left: Design view of a half shell of the support structure thoe innermost pixel layer.
Right: Half shell of the barrel pixel detector system withtitvo service tubes.

We are also building the two 2.2 m long service tubes (fig. 2Zigght) which transfer the power,
all optical and electrical signals, and the cooling fluid tal &rom the detector. The power and slow
control leads are embedded in the supply tube body. Foanguéltantee rigidity. The full system
(pixel detector + service tube) is 5 m long. Two verticallparted half shells will be inserted into
the CMS detector on a rail system. The insertion will be nattedicate since it will be done after the
installation of the LHC beam pipe.

The design of the detector structure has been completeddd Zhe tools for the production of
the different segment parts are also designed and mantddctin 2005 we will continue with the
leakage and cooling tests using the prototype segment aughgort structure. Manufacturing of the
final pixel segments and half shells will then start. Inst#din into CMS is foreseen during winter
2007/8, six months after LHC commissioning to avoid radiatilamage during the initial injection
trials.

2.7 Pixel power distribution

Our group is also responsible for the design of the CMS pigetctor power distribution for the front
end electronics (low voltage) and the pixel sensors (higtage) and cabling. The power lines are
integrated in the service tubes discussed in the sectioreadiomechanics.

In 2004 we have constructed a laboratory setup to mimic thexbeur of a section of the CMS
pixel detector with respect to beam and settings inducethgelspikes. The system had to cope
with sudden (100 ns) current excursions of 2 A in 50 m long polmes. Various solutions were
tested to reduce the inductance of the cables. The setupdasla prototype power supply unit
housed in a VME-like crate, a mainframe unit controlling agitx crates, various power cables of the
foreseen lengths, a prototype section of the service tubeaetive loads which reproduce the power
consumption of the CMS pixel modules.

The tests were performed to optimize the power supply umitsthe cable specifications to the
pixel detector needs, i.e. to determine the need for ad@itielectronics and grounding schemes. The



16

Particle Physics with CMS at the LHC

development of the power supply unitis done in collaboratiith CAEN, Viareggio, and preliminary
results are encouraging.

2.8 Event reconstruction software

The Zurich group has adapted and implemented in the recmtistn software of CMS (ORCA) the
Kalman filter (KF). This is ay2-square minimization which hence assumes that the trackumieg
errors are Gaussian distributed. Tracks are normally takée straight in the vertex neighborhood.
We have improved on the KF by using more realistic helicotdatks in the homogeneous field of
CMS. However, non-Gaussian noise (e.g. dué-tectrons) is unavoidable. The distributions of
the vertex pulls (difference between simulated and recoctstd values, divided by the measurement
error) have a Gaussian core with tails.

We have shown that non-Gaussian noise can be taken intoragogith a Gaussian-Sum Filter
(GSF) [9]. Here the distributions of the measurement eacsthe estimated quantities are modelled
by linear superpositions (components) of Gaussian digtabs. The main component describes the
core of the distribution and the tails are described by ongeweral additional Gaussians. Several
solutions for the vertex are then calculated with all cormbons of components. The final vertex
is calculated as the weighted average of all solutions. Td@rithm was tested with a simplified
simulation in which the tracks parameters were smeared avitfixture of two Gaussians. The hit
positions, error estimates and are significantly improved.

The sensitivity of the GSF with respect to badly measurezkfrar tracks assigned to the wrong
vertex (outliers) was extensively studied. These testsodsimate a higher degree of robustness than
x2-square estimators and show the adaptive power of the GSHufliers for which higher weights
are assigned to track-components with the largest star#sidtions. A novel idea which emerged
from these tests was the combination of the GSF with anotbedlinear filter, theAdaptive Vertex
Filter (AVF) [10, 11]. This filter is referred to as thedaptive-GSKA-GSF).
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Figure 2.12:Mean residuals (left) and standard deviations of the pugtrithutions (right) for different
transverse positions of a vertex generated by an outlyiacktr

For example, an outlying track originating from a secondeseis added to the four tracks from
the main vertex. The position of this vertex is shifted bywestn 0 and 5 mm in the transverge
direction relative to the jet-axis from the main vertex. Madues of the mean residual distribution
and the pull of the estimated vertex are shown in fig. 2.12. ¢bimeect error assignments should lead
to rm.s. pulls of 1. The three non-linear filters are remblkatable and improve substantially over
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the KF in terms of resolutions and pulls. For small displaests of the vertex, the AVF is not able
to identify all of the outliers and is therefore slightly vserthan the GSF and A-GSF. In particular
situations the A-GSF performs much better than the GSF, tithieaexpense of a much longer CPU
time.

In 2003/04 we also developed a kinematic fit based on Lagramggpliers which incorporates
additional constraints into the vertex fit to improve theotaBons. These constraints may be the
masses of well known (long-lived) hadrons decaying to theeoled particles, energy and/or mo-
mentum conservation, or collinearity in two-body procesgkfurther constraint of interest requires
the momentum of the reconstruct&meson to be parallel to the vector pointing from the primary t
the secondary vertex.

Considerable progress was made this year [1] . A framewarknfadelling the decay sequence
is now provided. The fit allows for instance the reconstarctof complete decay chains, such as
B~ — DO, followed by D® — K7, D° — K—nt#% or D° — K—ntx—x*, where only the
final long-lived particles are detected. The kinematic fit abso be performed with or without vertex
constraint. The software is flexible enough so that new caim$ can easily be included by the user.

One decay benefiting directly from such a kinematic fiBis — J/¢ ¢ — KTK - putu~, in
which the Zurich group is particularly interested. This mhel provides one of the best ways to
determine the heighi of the Unitarity Triangle. Here one measures the (CP viotgtasymmetry
betweenB, — J/vy ¢ and By — J/v¢ ¢. The CP-violating weak phasg- s = [arg(ViVey) —
arg(V;:Vy)], measured in the rate asymmetry, is equal X672~ 0.03, where) is the sine of the
Cabibbo angle. A measurement of a significantly larger pliasey, would indicate contributions
from non-Standard Model processes. These parameters malytdieed by a classical maximum-
likelihood analysis or by an angular correlation analysis.

Our group is involved in the analysis of this decay with siatetl data to estimate the sensitivity
of the CMS detector. We have devised a selection stratedgyre¢hias on the partial reconstruction
of the four charged tracks, already at the stage of the hig# tdgger (HLT). Indeed, by restricting
the track reconstruction to the first 5 hits (to save CPU tithe)precision on the track parameters is
already sufficient. At the first level the dimuon trigger stdetwo muons of opposite charges with a
transverse momentum above 3 GeV/c, using only the measnterinem the muon chambers.

In the HLT the muons stubs are projected into the tracker #ncheks in a cone around a muon
candidate are reconstructed. We require the presence ahtwms tracks of opposite charges with
an invariant mass within 100 MeV of the mass of tha), as well as two kaon tracks of opposite
charges with an invariant mass within 100 MeV of thenass. The four tracks are required to come
from a common secondary vertex by imposing a requiremenherconfidence level of the vertex
fit. As CMS lacks particle identification (with the exceptiohmuons) all charged tracks have to be
considered as possible kaon candidates. This adds a sagmifiontribution to the background from
combinatorial ambiguities.

The kinematic fit is applied during offline reconstructionhelr.m.s. resolution in the invariant
mass is 14 MeV and the corresponding resolutignon the mean decay path = 438 us in the B,
rest frame is 3um (fig. 2.13). A preliminary study shows that approximate®6°D00 fully recon-
structedB; candidates will be obtained in the first year of LHC operatdithe reduced luminosity
of 2 x 1033cm 25~ 1.

We are also investigating the analogous deBay— J/v¢ ¢ whereJ/v) — ete~. This decay
will increase theB, sample but the reconstruction of low-momentum electronstsriously difficult.
All these studies will be incorporated into the physics tecal design report requested by CERN in
summer 2005.
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