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Part 1

Overview






Chapter 1 Physics Motivation

1.1 Introduction

CP violation was first discovered in neutral kaon
decays in 1964 [1]. Its origin is still one of the out-
standing mysteries of elementary particle physics.

The Standard Model with three quark families
can naturally generate CP violation in both weak
and strong interactions *. CP violation in the weak
interaction is generated by the complex three-by-
three unitary matrix, known as the CKM matrix,
introduced by Kobayashi and Maskawa [2]. Ob-
served CP-violating phenomena in the neutral-kaon
system are consistent with this mechanism. How-
ever, it cannot be excluded that physics beyond the
Standard Model contributes, or even fully accounts
for the observed phenomena.

CP violation also plays an important role in cos-
mology. It is one of the three ingredients required
to explain the excess of matter over antimatter ob-
served in our universe [3]. The level of CP viola-
tion that can be generated by the Standard Model
weak interaction is insufficient to explain the dom-
inance of matter in the universe [4]. This calls for
new sources of CP violation beyond the Standard
Model.

Since its discovery, CP violation has been de-
tected only in the decay amplitude of Kj, mesons.
Experimental efforts in the kaon sector will con-
tinue for some time. In the B-meson system there
are many more decay modes available, and the Stan-
dard Model makes precise predictions for CP vio-
lation in a number of these. The B-meson system
is therefore a very attractive place to study CP vi-
olation, and to search for a hint of new physics.

1.2 CP violation

The elements of the CKM matrix

Vud Vus Vub
Vakm = Vea Ves Voo |,
Via Vis Vi

LCP violation in the strong interaction has never been
detected.

Vij, are related to the relative strengths of the tran-
sition of down-type quarks (j = d, s, b) to up-type
quarks (i = u, ¢, t), normalised to /GF, where
G is the Fermi coupling constant. The matrix is
uniquely defined by four parameters. Among vari-
ous parameterisations, the most convenient one is
that proposed by Wolfenstein [5]:

VoM & Vé?()M + 0Voxwm

where the expansion up to third order in A is given
(3)
by Vexkum

1—2%/2 A AN (p—in)
-2 1—)\%/2 AN?
AN (1 —p—in) —AN 1

The parameter A is given by the sine of the Cabibbo
angle [6], measured to be 0.221 £ 0.002 [7] from
decays involving s-quarks.

For a qualitative discussion of CP violation in
B-meson systems, Vé?M is sufficient and the second
term dVokm, which is given by

0 0 0
—i A2)5p) 0 0
Alp+in)X°/2 (1/2—p) AN —i ANy O

is usually ignored. For CP violation in K°-K° os-
cillations, the correction to V.q is important. For
B-meson systems, the correction to V;q and Vi5 be-
comes relevant once the sensitivity of experiments
to measure CP-violation parameters becomes 102
or less. Note that n # 0 is required to generate CP
violation.

Six of the nine unitarity conditions of the CKM
matrix can be drawn as triangles in the complex
plane. The two triangles relevant for the B-meson
systems are shown in Figure 1.1. The related uni-
tarity conditions are given by

VaaVib+ VeaVah+ ViaVihb, = 0
Vin Vib+ Vis Vis+ ViaVua = 0.

The two triangles become identical if 6Vogy is
ignored.



Im  VyqVup + VeaVen + VidVin = 0

p (1-22/2+p)?)

Figure 1.1: Two unitarity triangles in the Wolfen-
stein’s parameterisation with an approximation
valid up to O(\?).

The angles of the triangles can be extracted
either indirectly by measuring the lengths of the
sides, or, within the Standard Model, directly from
CP asymmetries. If the angles extracted by the
two different methods disagree, this would indicate
new physics.

Since A is well known, the two triangles are com-
pletely determined by p and 1, which can be derived
from |Vep|, [Vab| and |Vial, as seen from Figure 1.1%.
Values of |Vip| and |Vyp| are extracted from vari-
ous B-meson decays and are currently known to be
0.041 £ 0.003 and 0.0033 + 0.0009 [7], respectively.
The large error on |Vyp| is due to the limited exper-
imental data available and theoretical uncertainties
in the evaluation of strong interaction effects. Ex-
periments at eTe~ machines running at the T (4S),
i.e. CLEO, BABAR and BELLE, will reduce the
errors on these elements. Their precisions will ulti-
mately be limited by the theoretical uncertainties.

The value of |V;q| is currently determined from
the frequency of BY-BY oscillations. Due to diffi-
culties in evaluating the effects of hadronic interac-
tions, the extracted value has a large uncertainty,
[Via| = 0.009 £ 0.003 [7]. This situation can be

2The parameter A is extracted from measurements of
|[Vep| and A.

coAaripiy 1. royolCo MULIVALION

improved considerably once |Vis| is extracted from
the frequency of BY-BY oscillations and |V;q/Vis| is
used instead of |Viq], since the Standard Model cal-
culation of this ratio has a much reduced hadronic
uncertainty. Experimentally, CDF, DO, HERA-B
and SLD will try to measure the BY-B? oscillation
frequency. However, this may not be possible be-
fore LHCb becomes operational, if the frequency is
high.

Once p and n are derived from |Vep|, |Vib| and
|Via|, the angles a, 3, v and &7 can be calculated 3.

In the framework of the Standard Model, di-
rect measurements can be made of the angles «a, 3,
~v and dv, or their combinations, from CP asym-
metries in different final states of B-meson decays.
Well known examples are [9]:

1. B+~ from B} = nt7~

2. (3 from B — J/9¥Ks

3. v — 26y from B? — DFKT

4. §v from BY — J /¢

5. v from BY — DYK*0, DYK*?, D, K*°,

where it is understood that the charge-conjugated
decay processes are also measured, and D; is the
CP = +1 state of the neutral D meson. Note
that the angle « is not measured directly but can
be determined only through the triangle relation
a =7 — (3 —+. Within the framework of the Stan-
dard Model, 3, v — 24y and v measured from the
decay channels 2, 3 and 5 have very little theoreti-
cal uncertainty.

If a new flavour-changing neutral current is in-
troduced by physics beyond the Standard Model, it
can have a large effect on B-BY and BY-BY oscilla-
tions, since the contribution of the weak interaction
is second order. For such a case, the values of |Viq|
and |Vis| experimentally extracted from B-B oscil-
lations no longer correspond to their real values.
The angles G+, 3, v— 26+ and v, extracted from
the decay channels 1-4, are also affected. These
angles, measured in the two ways explained above,
will no longer agree.

The angle v can be determined from channels
1 and 2 using BY decays, or from channels 3 and
4 using B? decays. Since B3-BY and BC-BY oscilla-
tions can be affected differently by the new flavour-
changing neutral current, the two measurements of
v may disagree.

3 At present, a non-zero value of 1 can only be obtained
if CP violation in K°-K° oscillations is included in the anal-
ysis [8]. Future rare kaon decay experiments measuring
K — mvv will also provide information on p and n [9].



1.o. LACUD FERFOUORMAINCUE

Since only a small contribution from the new
flavour-changing neutral current is expected in DO-
DY oscillations, v extracted from the fifth decay
mode would be very close to the Standard Model
value. Therefore, v calculated from the decay chan-
nels 2 and 3 and v obtained from channel 5 will not
agree.

In the Standard Model, dv is expected to be
of the order of 1072, and the CP asymmetry in
B? — J/vy¢ decays should be very small. The
new flavour-changing neutral current could, how-
ever, generate a large CP-violating effect in this
decay channel.

This illustrates how new physics could be de-
tected from precise measurements of CP violation
in various B-meson decays, combined with p and
determined from other B-meson decays. Detailed
discussion can be found elsewhere [10].

Another way to search for physics beyond the
Standard Model is to study B-meson decays that
are rare or even forbidden in the Standard Model.
For example, B-meson decays generated by the pen-
guin processes are first order in the weak interac-
tion, and their branching fractions are less likely
to be affected by new physics. However, these de-
cay modes may exhibit a sizable CP-violating effect
through interference, if new physics is present [11].
Similarly, a large effect could be seen in the en-
ergy asymmetry of the lepton pairs produced in
b — s¢t¢~ decays [12].

There are many ways to look for a sign of new
physics. In all cases, large numbers of both B? and
BY mesons are required, and many different decay
modes have to be reconstructed.

1.3 LHCDb performance

Compared to other accelerators that are in oper-
ation or under construction, the LHC will be by
far the most copious source of B mesons, due to
the high bb cross section and high luminosity. A
variety of b-hadrons, such as By, Bq, Bs, B. and
b-baryons,* are produced at high rate.

The LHCDb experiment plans to operate with
an average luminosity of 2 x 1032 ecm~2 s~!, which
should be obtained from the beginning of LHC op-
eration. Running at this luminosity has further
advantages. The detector occupancy remains low,
and radiation damage is reduced. Events are dom-
inated by single pp interactions that are easy to
analyse. The luminosity at the LHCDb interaction

4This notation refers to both particle and antiparticle
states.

point can be kept at its nominal value while the
luminosities at the other interaction points are be-
ing progressively increased to their design values.
This will allow the experiment to collect data for
many years under constant conditions. About 102
bb pairs are expected to be produced in one year
of data taking.

The LHCb detector is designed to exploit the
large number of b-hadrons produced at the LHC
in order to make precision studies of CP asymme-
tries and of rare decays in the B-meson systems.
It has a high-performance trigger which is robust
and optimised to collect B mesons efficiently, based
on particles with large transverse momentum and
displaced decay vertices.

The detector can reconstruct a B-decay vertex
with very good resolution and provide excellent
particle identification for charged particles. Excel-
lent vertex resolution is essential for studying the
rapidly oscillating Bs mesons and in particular their
CP asymmetries. It also helps to reduce combina-
toric background when reconstructing rare decays.

Without separating kaons from pions, recon-
structed Bq — wtm~ decays are heavily con-
taminated by By — K*nF, B, — KTr* and
B, — K*KT decays. These introduce unknown
systematic errors in the measured CP asymmetry
in By — 777~ decays, since these decay modes
may well have asymmetries too. The measurement
of their asymmetries is also interesting. The ability
to distinguish kaons from pions is also essential for
By — DFKT, where the main background comes
from By — DZInT decays. The branching frac-
tion of By — D77 is estimated to be ten times
larger than By — DFKT, and no CP violation is
expected. Therefore, without separating the two

Table 1.1: Expected numbers of events recon-
structed offline in one year (107s of data taking)
with an average luminosity of 2 x 10?2 cm™2 s,
for some channels.

Decay Visible Offline
Modes Br. fraction | Reconstr.
BY - ntr~ + tag 0.7 x 107 6.9 k
BY — Ktr~ 1.5 x 107° 33 k
BY — pTn~ + tag 1.8 x 107° 551
BY — J/YKs + tag 3.6 x 1073 56 k
Bg — DOK*0 3.3x 1077 337
BY — K*0y 3.2x107° 26 k
BY —» D7t + tag 1.2x 107 35 k
B? - DK™ + tag 8.1x 1076 2.1k
BY — J/¢¢ + tag 5.4 x 107° 44 k
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Table 1.2: Expected precision on the angles of the unitarity triangles obtained by the LHCb experiment
in one year of data taking. Special features of the detector, i.e. particle identification and excellent decay
time resolution (oy), are indicated when they are important. Details can be found in Part V of this

document,.
| Parameter | Decay Mode | o [1 year] | Exploited features of LHCb |
B+ BY and BY — 7t7~; no penguin 0.03 K/7 separation
v d d g

(=7 —a) penguin/tree= 0.20 £ 0.02 0.03-0.16 K/ separation

; BY and BY - J/¢Ks 0.01 -

v — 28y BY and B? — DFKT 0.05-0.28 K/ separation and oy
vy BY — DYK*0, DOK*0 D, K*0 and 0.07-0.31 K/ separation

Eg — ﬁOK*O, DOK*O, DlK*O
0y BY and BY — J/¢¢ 0.01 ot
Ts B? and B! — D7 T up to 90 (95% CL) ot

channels, CP asymmetries in By — DXKT decays
would be seriously diluted. Particle identification
is also needed for the reconstruction of By — DK*
decays, to reduce combinatoric background.

With the capabilities described above, LHCb
is ideally suited to determine all the angles of
the two unitarity triangles using high-statistics
data. Table 1.1 shows the expected numbers of
offline-reconstructed events for various B-meson fi-
nal states in one year (107 s) of data taking. Sim-
ulation studies show that the LHCb detector is
able to trigger and reconstruct, in addition to final
states with only charged particles, also those in-
cluding a photon or 7°. This enhances the capabil-
ity of the experiment to determine a without the-
oretical uncertainty from the penguin amplitude,
and to allow the interesting radiative penguin de-
cays to be studied.

Table 1.2 summarises the expected precision on
the angles of the unitarity triangles and the sensi-
tivity to B2-B? oscillations, obtained after one year
of data taking. It also indicates the decay modes
used and the important features of the LHCb de-
tector discussed above.

In addition to investigating CP violation in B-
meson decays, the physics programme of the LHCb
experiment will include studies of rare B and 7 de-
cays, D-D oscillations and Bc-meson decays. For
example, the ability to reconstruct the large num-
ber of B§ — K*0y decays given in Table 1.1 demon-
strates that the LHCb experiment can study var-
ious other decay modes generated by the b — sy
process, such as B} — K**7® and B — ¢v. Re-
construction of By — K**u* p~ should also be pos-
sible. The large numbers of reconstructed events
expected allow searches to be made for surprising
effects in these rare decay modes. Events needed to
study these processes will pass the standard Level-0

SK** refers to orbitally-excited kaon states.

to Level-2 trigger cuts. Only the Level-3 algorithm
will need to be tuned accordingly.
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Chapter 2 Detector

2.1 Introduction

LHCb is a single-arm spectrometer with a forward
angular coverage from approximately 10mrad to
300 (250) mrad in the bending (non-bending) plane.
The choice of the detector geometry is motivated
by the fact that at high energies both the b- and
b-hadrons are predominantly produced in the same
forward cone, a feature exploited in the flavour tag.
This is demonstrated in Fig. 2.1 where the polar
angles of the b- and b-hadrons calculated by the
PYTHIA event generator are plotted. The polar
angle is defined with respect to the beam axis in
the pp centre-of-mass system.

Figure 2.2 shows the momentum distributions
for B — nt 7~ decays into 4, and for those where
the momenta of both pions are measured in the
spectrometer. The decrease of the detector accep-
tance for high momenta is due to the loss of parti-
cles below 10mrad. In the low momentum region,
the loss of acceptance is due to slow pions that do
not hit enough tracking stations for their momenta
to be measured.

To determine the momentum range required for
the spectrometer, the B — D77t decay is stud-

Figure 2.1: Polar angles of the b- and b-hadrons
calculated by the PYTHIA event generator.
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Figure 2.2: Momentum distributions for B§ —
7T 7~ decays into 4, and for those where the mo-
menta of both pions are measured in the spectrom-
eter.

ied. The 7" defines the high end of the momentum
range, and the 7~ from the D decay the low end.
Figure 2.3 shows the momentum distributions for
both pions, when they are within the spectrome-
ter acceptance. Few tracks have momenta beyond
150 GeV/c.

The requirements for the vertex detector can
be illustrated by the decay-length distribution of
BY — 77~ shown in Fig. 2.4. The average decay
length for the detected B} — 77~ is 1.0 cm.

2.2 General layout

The layout of the LHCb spectrometer is shown in
Fig. 2.5. Intersection Point 8, currently used by
DELPHI, has been allocated to the experiment.
A modification to the LHC optics, displacing the
interaction point by 11.25m from the centre, has
permitted maximum use to be made of the exist-
ing cavern by freeing 19.7m for the LHCb detec-
tor components. A right-handed coordinate system
is defined centred on the interaction point, with z
along the beam axis and y pointing upwards.
LHCb comprises a vertex detector system (in-
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Figure 2.3: Momentum distributions for the 7+
from BY — D7t decays and for the 7~ from the
subsequent D decay, where the momenta are mea-
sured in the spectrometer.

cluding a pile-up veto counter), a tracking system
(partially inside a dipole magnet), aerogel and gas
RICH counters, an electromagnetic calorimeter with
preshower detector, a hadron calorimeter and a
muon detector. All detector subsystems, except
the vertex detector, are assembled in two halves,
which can be separated horizontally for assembly
and maintenance, as well as to provide access to
the beam pipe.

1 Bl—ax'indn

w72 with x"n* measured

0 3 4 5
B" decay length [cm]

Figure 2.4: Decay-length distributions for B} —
77~ decays in 4w, and those where both pions
are detected in the spectrometer.
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2.3 Beam pipe

A 1.8 m-long section of the beam pipe around the
interaction point has a large diameter of approxi-
mately 120cm. This accommodates the vertex de-
tector system with its retraction mechanics, and
has a thin forward window over the full detector
acceptance. This part is followed by two conical
sections; the first is 1.5 m long with 25 mrad open-
ing angle, and the second is 16 m long with 10 mrad
opening angle. The current design is based on alu-
minium walls, but partial replacement by beryllium
is under study.

2.4 Magnet

The spectrometer dipole is placed close to the inter-
action region, in order to keep its size small. Since
tracks in the vertex detector are used in the trig-
ger, it is desirable to have the vertex detector in
a region of low magnetic field for fast track find-
ing. The first RICH counter is designed to cover
the momentum range down to 1 GeV/c. To main-
tain the necessary RICH 1 acceptance and to avoid
tracks bending in the gas radiator, RICH 1 is also
required to be in a region of low magnetic field. The
magnet, is therefore placed behind RICH 1, allow-
ing an acceptance of 330 mrad in both projections
upstream of the magnet.

A superconducting magnet is chosen to obtain
a high field integral of 4 Tm with a short length.
It benefits from the existing infrastructure of the
DELPHI solenoid. The field is oriented vertically
and has a maximum value of 1.1 T. The polarity
of the field can be changed to reduce systematic
errors in the CP-violation measurements that could
result from a left-right asymmetry of the detector.
The free aperture is 4.3m horizontally and 3.6 m
vertically. The coil is designed to maximise the
field homogeneity. An iron shield upstream of the
magnet reduces the stray field in the vicinity of the
vertex detector and of RICH 1.

2.5 Vertex detector system

The vertex detector system comprises a silicon ver-
tex detector and a pile-up veto counter. The vertex
detector has to provide precise information on the
production and decay vertices of b-hadrons both
offline and for the Level-1 trigger. The latter re-
quires all channels to be read out within 1 us. The
pile-up veto counter is used in the Level-0 trigger to
suppress events containing multiple pp interactions
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Figure 2.5: The LHCb detector seen from above (cut in the bending plane).

in a single bunch-crossing, by counting the number
of primary vertices.

2.5.1 Vertex Detector

The Vertex Detector layout consists of 17 stations
between z = —18cm and +80cm, each containing
two discs of silicon detectors, with circular (r) and
radial (@) strips, respectively. The discs are posi-
tioned perpendicular to the beam. Planes with ra-
dial strips alternate between a +5° and —5° stereo
angle. Tracking coverage extends radially from 1
to 6cm, and provides at least three space points
on tracks with polar angles down to 15mrad. A
silicon thickness of 150 ym is used to reduce multi-
ple scattering. The front-end electronics up to the
Level-0 buffers are mounted at approximately 7 cm
from the beam axis. Analogue information from
220,000 amplifiers is transmitted on 7000 twisted-
pair cables through the vacuum tank to the readout
electronics at a distance of about 10m from the de-
tector. At nominal luminosity, the innermost part
of the detector is expected to give acceptable per-
formance (i.e. a minimum signal-to-noise ratio of
8) for at least one year, when operated at 5° C.

The readout pitch varies from 40 to 80 um for
the r-strips and from 40 to 104 um for the ¢-strips.
This provides hit resolutions between 6 and 10 um
for double-channel clusters and between 9 and 18 pm
for single-channel hits. A resolution of approx-
imately 40 ym on the impact parameter of high-
momentum tracks is obtained. Each detector ele-
ment covers 61° in azimuth, the innermost r strips
being read out in two segments. This ensures that
the strip occupancy stays below 0.8%.

Material from guard rings on the detectors, from
an RF-shield and a wake-field suppressor reaches
to within 4mm of the beam axis. This is accept-
able during normal LHC operation for physics data
taking. However, the material has to be retracted
by 3 cm during injection. This is possible because
the complete assembly is constructed in two halves,
which can be moved apart vertically. With a longi-
tudinal offset of the two halves by 2 cm, an overlap
of the sensitive areas can be achieved. The design
foresees a secondary vacuum for the detectors in-
side a 100 pm aluminium RF-shield.
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2.5.2 Pile-up Veto Counter

Two dedicated planes of silicon detectors act as a
pile-up veto which is available in time for the Level-
0 trigger. These detectors have circular strips and
are placed upstream of the main Vertex Detector,
opposite to the spectrometer arm. Each plane is
subdivided into 60° sectors containing 300 strips
with a pitch between 120 and 240 um. The on-
detector electronics include a discriminator, and
the digital information of the 3600 channels is fed
through the vacuum tank to nearby vertex-finding
processors. Simulations show that a primary vertex
is reconstructed with a resolution of 1 mm along the
beam direction. This rejects 80% of double inter-
actions while retaining 95% of single interactions.

2.6 Tracking system

The tracking system, consisting of Inner and Outer
Tracker, provides efficient reconstruction and pre-

cise momentum measurement of charged tracks, track

directions for ring reconstruction in the RICH, and
information for the Level-1 and higher-level trig-
gers.

The system comprises 11 stations (T1-T11 in
Fig. 2.5) between the vertex detector and the
calorimeters. Precise coordinates in the bend-
ing plane are obtained from wires or strips at
0° and +5° with respect to the vertical (y,u,v).
Stations immediately up- and downstream of the
RICH counters contain additional planes, provid-
ing precise measurements in the non-bending plane
(wires/strips along x). The choice of technology is
determined by the requirement of low occupancy.
For most of the acceptance, covered by the Outer
Tracker, particle fluxes are below 1.4x 10% cm~2s~!
and permit the use of honeycomb-like drift cham-
bers. For the Inner Tracker, which lies inside a
boundary of 60cm x 40cm, a different technology
handling fluxes up to 3.5 x 106 cm~2s~! is required.
Because of its reduced dimensions, station T1 con-
tains only Inner Tracker modules.

The expected momentum resolution for the cho-
sen design is approximately 0.3% for momenta from
5 to 200 GeV /¢, limited mainly by multiple scatter-
ing. Mass resolutions are good, e.g. 17 MeV/c? for
BY —» 7fr.

2.6.1 Outer Tracker

The detector proposed is based on honeycomb-
chamber technology: a multi-cell layer with mostly
5 mm cells is built from two pre-formed conduc-
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tive foils. Two staggered layers, separated by a
conductive foil and sandwiched between two foam
layers, make up a self-supporting module for one
coordinate measurement. Such a module is 0.4%
X thick. Most stations are assembled from four
modules with y,u, v,y orientations. Stations 2, 10
and 11 contain two additional z modules. The total
number of electronic channels is 110,000.

With a fast CF4-based drift gas, signal latency
will be two bunch-crossing intervals. Single-cell res-
olution is expected to be < 200 um. The inner
boundary of the Outer Tracker stations is deter-
mined by demanding a maximum cell occupancy
of less than 10%.

2.6.2 Inner Tracker

For coverage inside |z| = 30cm and |y| = 20—
30cm, chambers using a Microstrip Gas Cham-
ber (MSGC) with a Gaseous Electron Multiplier
(GEM) are taken for the cost evaluation. Until all
problems with this technology are solved, LHCD is
keeping silicon strip detectors as a fall-back solu-
tion, since they are estimated to be more expen-
sive. Microstrip Cathode Chambers, which might
turn out to be cheaper than the MSGC/GEM so-
lution, are also under study.

The addition of a GEM to the MSGC reduces
drastically the danger of sparking in the MSGC,
as the gas amplification is divided into two stages.
Detector modules of linear dimensions up to 30 cm
are proposed, with a 2mm drift gap, a 50 um GEM
foil and a 2mm amplification gap. With a gain of
20 in the GEM, safe operation of the MSGC at a
gain of 200 can be obtained. Glass substrates with
diamond-like coating are used, with a readout pitch
of 220 um. In a 1.1 T field, the strip hit multiplicity
is around 1.5, and the hit resolution is better than
65 pm. The occupancy is on average below 1%, and
at most 4% at a minimum distance of 36 mm from
the beams. A total sensitive area of 14m? has to
be equipped with about 220,000 readout channels.
For the Level-1 trigger, four channels are combined
to provide a granularity of 0.88 mm.

2.7 RICH detectors

The RICH system has the task of identifying charged
particles over the momentum range 1-150GeV /e,
within an angular acceptance of 10-330 mrad. Par-
ticle identification is crucial to reduce background
in selected final states and to provide an efficient
kaon tag. To achieve this goal, the system consists
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of an upstream detector (RICH 1) with both a sil-
ica aerogel and a C4F1¢ gas radiator, and a down-
stream detector (RICH2) with a CF4 gas radia-
tor. RICH1 has 25-330mrad acceptance in both
z and y projections and is situated upstream of
the magnet to detect low-momentum tracks that
are swept out of the acceptance. Although RICH 2
has a reduced acceptance, 10-120mrad in z and
10-100mrad in y, it catches a large fraction of the
high momentum tracks, e.g. 90% of reconstructed
pions from By — 77~ with p > 70 GeV/c (i.e.
beyond the limit for 7—K separation in RICH 1).

The pion thresholds are 0.6, 2.6, and 4.4 GeV/c
for the aerogel, C4F;9 and CF4 radiators, re-
spectively. Kaon thresholds are 2.0, 9.3 and
15.6 GeV/c. The Cherenkov photons are focussed
by mirrors to detector planes positioned outside
the spectrometer acceptance. Hybrid photodiodes
(HPD’s) with pixel or pad readout are foreseen. A
total image surface of about 2.9m? and a detec-
tor granularity of 2.5 mm x 2.5mm is required. A
major effort goes into the development of HPD’s,
which must provide a large fraction of active area
at an acceptable cost. Multianode photomultipliers
are considered as a back-up solution. Assuming an
active-area fraction of 73%, approximately 340,000
electronic channels are required.

RICH 1 has a 5 cm-thick aerogel radiator and a
95 cm-long C4F 1o radiator. The expected numbers
of detected photoelectrons are 15 and 55, respec-
tively, for tracks with 4 = 1. Preliminary proto-
type results are in agreement with expectations,
including Cherenkov-angle resolution and photon
yields.

RICH 2 is filled with a CF4 radiator with an ap-
proximate length of 180cm. To shorten the overall
length of the detector, the image from the spheri-
cal mirror is reflected by a second flat mirror to the
detector planes. Approximately 30 detected photo-
electrons are expected for tracks with g = 1.

Using a maximum likelihood analysis, all recon-
structed tracks from simulated b-events are identi-
fied with efficiencies and purities above 90%. A 3o
separation of pions from kaons is achieved over the
momentum range 1-150 GeV/ec.

2.8 Calorimeters

The main purpose of the calorimeters is to provide
identification of electrons and hadrons for trigger
and offline analysis, with measurements of position
and energy. The required Level-0 trigger selectivity
demands a longitudinal segmentation of the elec-
tromagnetic calorimeter (ECAL). The structure con-
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sists of a single-layer preshower detector followed
by a Shashlik ECAL. A scintillating-tile geometry
is used for the hadron calorimeter (HCAL).

Acceptance and lateral detector segmentation
of the three subsystems are geometrically matched
to facilitate trigger formation. Polar acceptance
starts at 30 mrad as a compromise between perfor-
mance, cost and radiation dose. The outer trans-
verse dimensions are matched projectively to the
tracker acceptance. Front-end electronics can be
largely unified due to the choice of similar scintil-
lator and wavelength-shifting (WLS) fibre technol-
ogy. It is expected that signal collection times less
than 25ns can be achieved.

2.8.1 Preshower detector

The cells of the Preshower detector are made up
from 14 mm-thick lead plates followed by square
scintillators, 10mm thick. Transverse dimensions
of 4, 8 or 16 cm correspond to the segmentation of
the ECAL. Wavelength-shifting fibres, tightly cou-
pled to the scintillators, will be read out by multi-
anode phototubes, or possibly avalanche photodi-
odes.

2.8.2 Electromagnetic calorimeter

A fine transverse segmentation is necessary for effi-
cient 7¥ reconstruction, and for discrimination be-
tween electrons and charged hadrons with overlap-
ping photons. To limit cost and complexity, the
lateral segmentation is adjusted radially in three
steps, in such a way that hit occupancy does not
exceed 5%. A modest energy resolution with a 10%
statistical and 1.5% constant term is sufficient for
a hadron rejection factor of about 100, as well as
for 7¥ reconstruction.

The ECAL submodule is constructed from 70
layers, consisting of 2mm-thick lead plates and
4 mm-thick polystyrene-based scintillator plates.
The length corresponds to 25 Xy. Light is collected
by 1 mm-diameter WLS fibres traversing the whole
length of the stack. The transverse granularity is
varied by merging the readout of either 1, 4 or 16
identical submodules.

Tests with injection-moulded polystyrene-based
scintillators and Y-11 fibres indicate that operation
should be possible for more than 10 years, assuming
a maximum annual radiation dose of 0.4 Mrad.

2.8.3 Hadron calorimeter

The HCAL module is constructed from scintillator
tiles embedded in an iron structure. The tiles are
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placed parallel to the beam direction, in a staggered
arrangement. The overall transverse dimensions of
the sensitive volume are 9.0 mx 7.0 m and the depth
of the iron is 1.5m. This provides 7.3 A.

The lateral segmentation of the submodules has
a 4:1 correspondence between the ECAL and HCAL.
Hence, cells have square cross-sections with sides of
8, 16, and 32 cm.

Approximately 50 photoelectrons/GeV are ex-
pected to be detected with phototubes, resulting
in an energy resolution with an 80% statistical and
a 5% constant term. Tests with a full-scale proto-
type using 16cm X 16cm cells have exceeded the
expected performance.

2.9 Muon detector

The Muon Detector provides muon identification
and Level-0 trigger information. It consists of four
stations M2-M5 embedded in an iron filter and a
special station M1 in front of the calorimeter. All
stations have pad readout to achieve fast trigger re-
sponse. The sizes of the logical pads (used for trig-
gering and reconstruction) vary from 1cm x 2cm
to 8cm x 16cm. To reduce capacitive noise, the
largest logical pads have to be formed by combining
the information from four physical pads, each con-
nected to a separate amplifier. Multigap Resistive
Plate Chambers (MRPC’s) are proposed for most
of the coverage of M2-M5, where particle fluxes are
below 5 x 10% cm~2s~!. Station M1 and the inner
regions of stations M2-M5 experience the highest
fluxes and are therefore constructed from Cathode
Pad Chambers (CPC’s). These chambers extend
down to 25 mrad in  and 15 mrad in y. The com-
plete Muon Detector has 45,000 readout channels
formed from 230,000 physical pads.

An MRPC has four 0.8 mm gaps, read out by
a single pad plane and sandwiched between two
honeycomb plates. To achieve high-rate capability,
the chambers have to be operated in the avalanche
mode with the lowest possible gain. A multigap
structure is proposed to improve response time and
to decrease the probability of streamer formation.
Peaking times of 10ns are expected. Two MRPC
layers per station are required for good efficiency.
Occupancy is below 10% everywhere.

A CPC module contains two multiwire propor-
tional chambers with vertical wires placed asym-
metrically and forming 1 and 4 mm gaps, each with
cathode-pad readout from the 1 mm gap. The cham-
bers are sandwiched between, and separated by,
honeycomb plates. A muon station is formed by
two such modules.
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2.10 Front-end electronics

The subdetectors will use a common architecture
for the front-end electronics, which has to accom-
modate the specific trigger requirements of LHCD,
making maximum use of existing components. All
analogue and digital signals arriving at 40 MHz will
be stored in Level-0 pipelined buffers, 128 cells
deep, to await the Level-O trigger decision taken
after a fixed delay of 3.2 us. Events accepted at
an average rate of 1 MHz are transmitted to short
derandomising buffers to avoid overflow due to lim-
ited output speed. The data are then multiplexed
and digitised, if they were still analogue, and sent
to Level-1 buffers, 256 events deep, to allow up to
256 us for the next trigger selection. The average
rate of events accepted by Level-1 is 40kHz. Ac-
cepted events pass zero suppression and data for-
matting, are multiplexed and sent via the “front-
end links” to the data acquisition system, located
approximately 60 m from the detector.

The front-end electronics mounted inside the
detector must be radiation hard or tolerant, the
dose integrated over 10 years amounting to 0.2 Mrad
at 30 cm. Part of the electronics, probably from the
Level-1 buffer onwards, will be mounted at least
4m from the beam to permit standard components
to be used.



Chapter 3 Data Handling

3.1 Trigger/DAQ architecture

Events with B mesons can be distinguished from
other inelastic pp interactions by the presence of
secondary vertices, and particles with high trans-
verse momentum (pr). This is illustrated in
Fig. 3.1 and Fig. 3.2. However, events with fully-
reconstructed interesting bb final states represent
only a small fraction of the total bb sample, due
to the small branching ratios and the limited de-
tector acceptance. The LHCD trigger system must
therefore be selective and efficient in extracting the
small fraction of interesting events from the large
number of bb and other pp inelastic events.

Figure 3.3 shows the general architecture of the
trigger and data acquisition (DAQ) system, includ-
ing the main data and control flows involved in
transporting the subdetector data from the front-
end electronics to the event storage. The main pa-
rameters are summarised in Table 3.1.

The trigger strategy is based on four levels:
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Figure 3.1: Number of secondary-vertex candidates
reconstructed in the Level-1 trigger, for inelastic pp
events (dashed) and B} — 77~ events.
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Figure 3.2: The pr distributions of the charged
hadrons with the highest pr in the event, for pp
inelastic events and By — 77~ events.

Level-0 comprises three high pr triggers, operat-
ing on muons, electrons and hadrons, together with
a pile-up veto that suppresses bunch-crossings with
more than one pp interaction. Level-0 operates at
the bunch-crossing frequency of 40 MHz, and is de-
signed to achieve a total suppression factor of 40.
This includes a factor of about 10 suppression of
single inelastic pp interactions by the high pr trig-
ger.

The Level-0 trigger has a fixed latency of 3.2
us. This is sufficient to cover the execution time of
the Level-0 algorithm (~ 2 us), and the time to
collect trigger input data and deliver the Level-0
decision to the front-end electronics (~ 1 us). The
choice of latency is compatible with the standard
LHC design of pipelines (128 steps) in the front-end
electronics.

Level-1 has two components. The first, the ver-
tex trigger, selects events containing one or more
secondary vertices. The second, the track trigger,
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seeks to confirm the high py trigger by searching
for high pr tracks in the tracking system. Level-
1 operates at the Level-0 accept rate, nominally
1 MHz, and has a suppression factor of 25.

The transfer of data from the front-end elec-
tronics to the DAQ system is initiated by a posi-
tive Level-1 decision. The average event length is
~100 kB and thus the DAQ must be able to cope
with data rates of order 4 GB/s.

The Level-1 latency is variable and is largely
determined by the execution time of the Level-1 al-
gorithm. The processing-time distribution has an
average of 120 us, assuming a CPU power of 1000
MIPS, and has long tails. The time for transfer-
ing data and broadcasting the Level-1 decision is
~ 30us. The maximum latency of Level-2 is set to
256 ps. The buffer space required in the front-end
electronics to bridge the Level-1 latency is not a se-
rious issue, since it can be implemented as a digital
FIFO and can be of arbitrary length.

Level-2 eliminates events with fake secondary
vertices, by using momentum information. Fake
vertices are typically caused by multiply-scattered
low-momentum tracks. Level-2 operates at the
Level-1 accept rate, nominally 40 kHz, and achieves
a suppression factor of 8. It correlates information
from the vertex detector and tracking stations.

The Level-2 latency is determined by the execu-
tion time of the algorithm. There is clear interest
to make this as efficient as possible, in order to
minimise the required installed CPU power, as the
trigger operates at 40 kHz. An average latency of
10 ms is required, assuming a CPU power of 1000
MIPS. The buffering requirements in the readout
units are estimated to be ~ 50 events for every ms
of latency, and are therefore not a critical issue.

Level-3 uses full and partial reconstruction of fi-
nal states to select events associated with specific
b-hadron decay modes. It makes use of information
from all detector components, including the RICH.
The suppression factor of Level-3 is ~25 and the
data recording rate is ~200 Hz.

The Level-3 latency is estimated from existing
reconstruction algorithms to be ~ 200 ms. At an
input rate of ~ 5 kHz, this gives a deployed CPU
power requirement of 10® MIPS. Again, buffer ca-
pacity is not a critical issue, as each CPU receives
only ~ 30 Hz of events.
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Table 3.1: Trigger/DAQ parameters.

| Parameter | Value |

Readout channels 950,000
Average event size 100 kB
Average Level-0 accept rate 1 MHz
Level-0 latency (fixed) 3.2us
Average Level-1 accept rate 40 kHz
Level-1 latency (variable) < 256 pus
Front-end Links 165
Readout Units (RUs) ~120
Event Building bandwidth 2-4 GB/s
Sub-farm Controllers (SFCs) ~ 120
Average Level-2 processing time 10 ms
(on a 1000 MIPS CPU)

Average Level-2 accept rate 5 kHz
Average Level-3 processing time 200 ms
(on a 1000 MIPS CPU)

Average Level-3 accept rate 200 Hz
Data storage rate 20 MB/s

3.2

3.2.1

Trigger system

Level-0 calorimeter triggers

The electron trigger requires isolated showers in
the ECAL, together with correlated hits in the pad
chamber (M1) in front of the calorimeter, and en-
ergy deposition in the Preshower. Simulation shows
that a suppression factor of 100 for inelastic pp in-
teractions can be achieved with an Et threshold of
2.34 GeV, whilst maintaining an efficiency of more
than 19% for B — e + X events, for which the
electron hits the calorimeter. A photon trigger is
implemented by requiring a higher Er threshold
and no correlated pad chamber hits. For example,
a suppression factor of ~150 can be achieved for in-
elastic pp events with a cut of 4 GeV, whilst retain-
ing 22 % of By — K*y where the decay products
are within the detector acceptance. Events with
high Et in the HCAL are accepted in order to se-
lect B decays to hadronic final states. A cut of Et
> 2.4 GeV retains 60% of the B — n7~ events
that can be reconstructed offline, whilst suppress-
ing the background by a factor of 17.

Three different approaches to the implementa-
tion of these triggers are under investigation.

The first approach (3D-Flow) uses pro-
grammable ASIC’s assembled into planar layers,
each processor being directly associated with one or
more detector elements. Several layers are needed
to achieve a pipeline mode of operation, where the
number of layers required depends on the latency
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Figure 3.3: General architecture of the trigger and DAQ system.

of the algorithm. Each processor exchanges infor-
mation with the 4 nearest neighbours in its layer in
order to implement the cluster algorithm. Studies
based on a 3 x 3 clustering show that the first stage
of the electron and photon algorithms can be imple-
mented with a 3D-Flow system containing 4 layers,
each layer comprising 6000 processors. The hadron
algorithm requires 4 layers of 1500 processors. The
number of additional processors required to collect
the results and apply cuts is small by comparison.
Simulation studies show that the total execution
time of the Level-0 algorithms is less than 1.5 us,
which falls within the allocated time.

The second implementation study, also based
on 3 x 3 clustering, seeks to exploit the similarity
of the LHCb and HERA-B electron triggers. En-
ergy information that has been digitised and cal-
ibrated is sent from the front-end electronics into
processing units, which make extensive use of look-
up tables. Specialised units look for correlated hits
in the pad chamber and Preshower, and apply the
ET cut.

The third approach uses an alternative algo-

rithm, based on 2 x 2 clustering and searches for
energy clusters in the front-end electronics. The
aim is to reduce the large number of connections.
The performance obtained is comparable to that of
the algorithm employed by the two previous imple-
mentations.

3.2.2 Level-0 muon trigger

The muon trigger must maintain good efficiency
for detecting B — p+ X, whilst suppressing muons
from 7 and K decays. The algorithm searches for
tracks in all five stations of the muon detector and
imposes a minimum pt requirement. Simulations
show that a pr resolution of 230 MeV/c can be
achieved, which gives signal efficiencies of 30% for
muons within the acceptance of the spectrometer,
with a retention of < 2% for inelastic pp interac-
tions.

Two implementation studies have been con-
ducted for the muon trigger. The first uses the
same 3D-Flow architecture as that used in the
calorimeter trigger. Data from all 45,000 channels
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are fed to a stack of processors comprising three
layers for making the track search, each layer con-
taining 1300 processors. A second, much smaller,
stack of processors is needed to apply the final steps
of the algorithm.

The second approach aims to exploit the low
track multiplicity in the muon chambers by already
identifying muon-track candidates with a coarse
granularity in the front-end electronics. Detailed
hit information is sent to the trigger units only from
those regions in the vicinity of the candidate muon
tracks. This results in a data suppression factor
of about 20. Full muon track processing is then
performed on these pad hits.

3.2.3 Level-0 pile-up veto

Since primary vertices are spread along the beam
axis with o, = 5.3 cm, multiple primary vertices,
in a bunch crossing with more than one pp interac-
tion, can be identified by reconstructing them with
a modest resolution. An algorithm has been de-
veloped to exploit the fact that the z coordinate of
the primary vertex can be determined from only the
radial position of the emerging tracks. Simulation
studies show that a vertex resolution of 1 mm along
z can be obtained using the Pile-up Veto Counter.
The performance of this veto is sufficient to give an
80% rejection of bunch-crossings with two or more
pp interactions, whilst retaining 95% of single pp
interactions. The vertex-based veto can be comple-
mented by a calorimeter total energy measurement.

3.2.4 Level-0 decision unit

The results from all Level-0 trigger components are
fed to a single unit where they are combined and
a final decision is made. The acceptable combi-
nations can be programmed to give flexibility and
allow the trigger to be adapted to running condi-
tions.

3.2.5 Level-1 vertex trigger

The r-¢ geometry of the Vertex Detector is cho-
sen to facilitate the implementation of the vertex
trigger algorithm. After tracks are found in the
r-z projection within the 61 degree sectors (“2D
tracks”), they are combined with other 2D tracks
in the opposite sector to build two-track vertices.
The position of the primary vertex is determined
by combining all two-track vertices, giving a reso-
lution of 80 pm in z and 20 pm in x and y. The
impact parameter with respect to the primary ver-
tex is then calculated for each 2D track, such that
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tracks coming from the primary vertex can be elim-
inated. The ¢-cluster information is subsequently
added for all remaining 2D tracks and the track
is reconstructed in three dimensions. Finally, the
algorithm finds secondary vertices that are signif-
icantly separated from the primary vertex. Simu-
lation studies show that a factor of 25 suppression
of inelastic pp interactions can be achieved with a
45% efficiency for B§ — 77~ events that can be
reconstructed offline.

The following implementation is proposed for
the vertex trigger. All Vertex Detector data for a
specific event, at a reduced resolution, are collected
and dispatched to a single processor in a processor
farm, where the trigger algorithm is executed en-
tirely in software. Each event contains about 1000
clusters on average, which results in a data collec-
tion rate of 2 GB/s. Processing requirements are
estimated from benchmarks made by running the
algorithm on a 180 MHz Pentium CPU. Assum-
ing the Level-1 trigger operates at 1 MHz, ~120
processors of 1000 MIPS CPU capacity would be
needed to implement the vertex-trigger algorithm.
The maximum latency of the algorithm would be
of the order of 300 us on a 1000 MIPS processor,
with the current version of the software. Optimi-
sation of the code has still to be done and the goal
of 256 us should be easily achievable. A solution
for the readout network has been devised and ele-
ments of the computer farm can be assembled from
commercial components.

3.2.6 Level-1 track trigger

The tracking detectors are used to reject fake high-
pr tracks that passed Level-0, which originate from
background due to secondary interactions in detec-
tor material, particle decays and overlapping show-
ers. The tracking algorithm uses high-FEr clusters
and tracks found by Level-0 as seeds, thereby elimi-
nating the need for full pattern recognition. Tracks
are identified by a series of backward extrapola-
tions, starting from the seed. After each extrapola-
tion to the next tracking station, the track parame-
ters are recalculated using a simplified Kalman fil-
ter technique. It is sufficient to stop the extrap-
olation at station T6 where the track momentum
is already measured with a resolution of approxi-
mately 3%. Simulation shows that the track trig-
ger reduces the number of inelastic collisions by as
much as a factor of 10 whilst retaining between 50%
and 80% of signal events, depending on the B decay
mode.

Each tracking station will be equipped with a
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processing unit for collecting data and executing
the algorithm. Application-specific hardware would
be used for the pre-processing steps and, since the
maximum latency is 256 psec, commercial Digital
Signal Processors can be used for executing the al-
gorithm.

3.2.7 Level-1 decision unit

The results of the vertex and track triggers are sent
to the Level-1 decision unit. This unit also receives
information from the Level-0 decision unit. Opti-
mal combinations can then be made based on all
information available before the final Level-1 deci-
sion is formed. This unit will be implemented using
look-up tables, so that the trigger can be adapted
to running conditions and physics requirements.

3.2.8 Level-2 trigger

Level-2 is designed to match the vertex informa-
tion provided by the Vertex Detector with the mo-
mentum information provided by the tracking de-
tectors. Firstly, all tracks are reconstructed in 3D
in the Vertex Detector, and an initial estimate of
the momentum is taken from the polar angle of
the track. The primary vertex position is found
with a resolution of 9 ym in z and y and 38 pm
in z. Tracks in the forward hemisphere having an
impact parameter larger than twice the resolution
(~6 tracks per event) are followed to station T5.
The impact parameter and its error are then re-
calculated using the measured momenta. Events
are kept if there are at least three tracks with an
impact parameter greater than 3 times the resolu-
tion. Background from Kg and A decays is reduced
by requiring that the impact parameter is <2 mm.
Simulations show that Level-2 loses very few B-
meson events, while it gives good rejection of light
quark events. Another positive feature is that it
also suppresses bb events where the b-hadron de-
cay products are only partially contained inside the
detector acceptance.

The Level-2 algorithms are executed on a farm
of general-purpose processors. The goal of a Level-
2 latency of ~10 ms/event should be easily achiev-
able, and the total CPU requirement for Level-2 is
4 x 10° MIPS.

3.2.9 Level-3 trigger

A set of independent algorithms is used to select
exclusive b-hadron decays according to their topol-
ogy. The filter algorithms are based on reconstruc-
tion and analysis codes, but since they are applied

L/

in real-time, final calibration and alignment con-
stants are not necessarily available and cuts are de-
liberately loosened. Fitted tracks are subjected to a
precise vertex reconstruction, and, for those tracks
having a large impact parameter, a fast RICH pattern-
recognition algorithm is executed to search for kaons.
Finally all information is used to make a flavour tag
and the invariant masses are calculated for the b-
hadron decay of interest. It has been found that a
rejection factor of 25 can be achieved. Benchmarks
of the Level-3 algorithms indicate a total CPU re-
quirement of 106 MIPS.

3.3 Data acquisition system

The role of the DAQ system is to read zero-
suppressed data from the front-end electronics, to
assemble complete events and to provide sufficient
CPU power for execution of the Level-2 and Level-
3 algorithms. The flow of data through the DAQ
system is being studied using simulation data. The
input rates are determined by the average event
size, which is ~100 kB, and the Level-1 accept
rate, nominally 40 kHz. This results in a total
data-acquisition rate of 4 GB/s. The output rate
is governed by the nominal Level-3 accept rate
(~200Hz), leading to a data storage requirement
of ~20 MB/s.

The current design contains the following func-
tional components. Readout Units (RU’s) receive
data from one or more front-end links and assemble
the fragments belonging to each event. Full event
building is achieved by having all RU’s dispatch
their data into a readout network such that frag-
ments belonging to the same event arrive at the
same destination. Complete events are assembled
at the destination by a unit called the Sub-Farm
Controller. This unit also has the role of allocating
each event to one of the free CPU’s it manages, and
the Level-2 and Level-3 algorithms are executed on
this CPU. Accepted events are written to storage
devices.

Two protocols are being studied for managing
the flow of data and for ensuring events are assem-
bled correctly. In the first of these (full readout),
data are immediately routed through the readout
network to the destination as soon as they appear
at the RU. Thus complete events are immediately
made available, and there is complete flexibility in
defining and applying the high-level trigger algo-
rithms. In the second approach (phased readout),
data from subsets of the RU’s are sent in several
phases corresponding to the requirements of the
high-level triggers. In this approach use is made
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of the fact that high-level triggering is performed
in a sequence of steps, each step requiring a subset
of the data. Thus the bandwidth required of the
readout network can be reduced (by ~50%), since
data need not be transmitted from all detectors if
the event can be rejected at an early stage. The
full readout protocol is superior from the point of
view of simplicity of protocol, and the flexibility
in application of the high-level trigger algorithms.
However, the future availability of high-bandwidth
network technologies will determine whether this
solution can be realised at an affordable cost.

The clock, Level-0 and Level-1 decisions must
all be transmitted to the front-end electronics.
The Trigger, Timing and Control distribution sys-
tem (TTC), developed in the context of the RD12
project and used by the other LHC experiments,
can also be used for LHCb, despite the added re-
quirement of distributing the Level-1 decision.

The Detector Control System (DCS) will be
used to monitor and control the operational state of
the LHCb detector, and to acquire slowly-changing
data from the detector to keep a permanent record
of environmental parameters. The DCS will be
fully integrated with the DAQ system.

3.4 Computing

A data-flow analysis has been made of the comput-
ing system, in order to identify the key tasks and
data flows. Estimates of computing requirements
are made by analysing existing LHCb simulation,
reconstruction and analysis programs, and, in cases
where they do not yet exist, by extrapolations from
similar codes developed by other experiments (such
as HERA-B). Results show that the total CPU re-
quirements needed for simulation, for Level-2 and
Level-3 triggers, and for reconstruction and analy-
sis of simulated and real data, amounts to ~ 5x 108
MIPS. The data-storage requirements for both real
and simulated data amount to ~500 TB per year.

At present, LHCDb depends almost entirely on
central computing facilities for satisfying its com-
puting needs. A modest increase in these needs
(~50% per year) is expected up to the end of 2000,
and the use of central services, inside and outside
of CERN, will continue for this period. There will
then be a significant increase in activity in test
beams, and investment in private CPU capacity is
therefore be envisaged. Investment in full scale fa-
cilities will be left as late as possible, to benefit
from improvements in the price/performance ra-
tio of computing equipment. It is considered that
the computing requirements are within the limits of
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current technology trends, and that the equipment
will be affordable.

Attention will be given to the quality of soft-
ware, particularly for the high-level trigger algo-
rithms. The extra effort that this implies can be
recovered by extracting as much use as possible out
of each software component by ensuring its reuse
in all application domains. This implies invest-
ment in sound engineering and management prac-
tices. The LHCb simulation program is written in
FORTRAN, but will be re-engineered using Object
Technologies.



Chapter 4 Project Planning

4.1 Organization of the Collab-

oration

Details of the LHCb organization are described in
[1]. The Collaboration Board is the forum for
decision and policy-making and represents the ul-
timate authority of LHCb. It has one member per
institute (Table 4.1).

The Collaboration Board strives to reach con-
sensus whenever possible. It elects its own Chair-
person, as well as the Spokesperson (in consultation
with the CERN Management) and the Technical
Coordinator (in accordance with the CERN man-
agement). They are ex officio, non-voting members
of the Collaboration Board. The present appoint-
ments are:

Spokesman: T. Nakada
Technical Coordinator: H.J. Hilke
Chairman of the Board: N. Harnew

Major Collaboration decisions, such as for the
appointment of the Spokesperson, the Collabora-
tion Board Chairperson and the Technical Coor-
dinator, for the admission of a new institute, and
for any change to the Counstitution, require a 2/3
majority, others a simple majority.

The executive responsibility rests with the
Spokesperson and the Technical Coordinator.
They are advised by the Technical Board,
presently composed of the conveners of the major
subsystems who have coordinated the work for the
Technical Proposal '. The Collaboration has re-
cently seen a substantial influx of new groups and
expects others in the near future. The Collabora-
tion Board will, therefore, decide on a new com-
position of the Technical Board after the approval
of the experiment, once final responsibilities have
been assigned. The Technical Board will then in-
clude the new project leaders of each subsystem.

The Plenary Meeting, chaired by the

'W.Ruckstuhl (Tracking), R.Forty and T.Ypsilantis
(RICH), G.Carboni and B.D’Almagne (Calorimetry), B.Cox
(Muon), S.Conetti and U.Straumann (Trigger), J.Harvey
(Computing), F.Harris (DAQ) and A.Tsaregorodtsev (Sim-
ulation).
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Spokesperson, is open to everyone in the Collab-
oration. Physics and technical issues are discussed
in the Plenary Meeting before any major decision is
taken. Decisions taken by the Collaboration Board
are reported at the Plenary Meeting.

4.2 Responsibilities for detec-
tor construction

Since the Collaboration is still experiencing sub-
stantial growth, the Collaboration Board has de-
cided to postpone a detailed assignment of the re-
sponsibilities until after the approval of the exper-
iment. The capabilities and resources of the in-
stitutes will constitute the major criteria, and are
largely in line with the interests already expressed
by the institutes and with their R&D activities in
preparation for the Technical Proposal. These in-
terests are summarized in Table 4.2.

4.3 Cost

The design of LHCb, described in this proposal,
has evolved from the one presented in the Letter
of Intent (LOI) [2]. A re-evaluation has produced
some changes in the costs of the subsystems. How-
ever, the Collaboration has endeavoured to opti-
mize the layout imposing the total cost given in the
Lol as an overall ceiling. A summary of the invest-
ment cost for each component is given in Table 4.3.
More details will be presented in a document which
has been prepared for the Cost Review Committee
(CORE).

The Collaboration intends to set up a Common
Fund for about 28% of the total investment, i.e.
24 MCHF. This will include the cost of the mag-
net (16.5 MCHF), the computer farm and readout
network (5.5 MCHF) and the long-distance cabling
and piping (2.0 MCHF). Contributions to the Fund
should be pro rata to the total investment contri-
butions, with a fixed minimum amount.
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Table 4.1: Present LHCb Collaboration Board members.

Institute Contact Institute Contact
Person Person
Bucharest Coca C. MPI, Heidelberg Schmelling M.
Cambridge Gibson V. Nanjing Yao N.-G.
CERN Forty R. NIKHEF - FOM Ruckstuhl W.
Clermont-Ferrand Perret P. NIKHEF - Univ. of Amsterdam Kooijman P.M.
CPPM Marseille Aslanides E. NIKHEF - Free Univ. of Amsterdam | v. d. Brand
Freiburg Konigsmann K. NIKHEF - Univ. of Utrecht Merk M.
Glasgow Brook N.H. Northwestern, Evanston Rosen J.
Hefei Yin Z-J. Oxford Harris F.
Humboldt, Berlin Lohse T. Paul Scherrer Institut (PSI) Nakada T.
THEP-Serpukhov, Protvino | Dzhelyadine R.I. || Heidelberg Straumann U.
THPE Beijing Jiang C. PNPI St. Petersburg Vorobyov A.
INFN-Bologna Piccinini M. Rice University, Houston Crosetto D.
INFN-Genova Sannino M. Rio De Janeiro/UFRJ Marechal B.
INFN-Milano Matteuzzi C. Santiago De Compostela Adeva B.
INFN-Roma I, La Sapienza | Martellotti G. Shandong He M.
INFN-Roma II, Tor Vergata | Carboni G. Tech. Univ. Dresden Spaan B.
INR Moscow Kravchuk L. Massachusetts, Amherst Kreisler M.
ITEP Moscow Golutvin A. Virginia, Charlottesville Cox B.
Kharkov Ranyuk Y.
Kiev Pugatch V. Ex-Officio Members
LAL Orsay D’Almagne B.
Lausanne Bay A. Spokesman: Nakada T.
Lebedev, Moscow Govorkov B. Technical Coordinator : Hilke H.J.
Liverpool Bowcock T. Collaboration Board Chairman : Harnew N.
Imperial College, London Websdale D.

Table 4.2: Interests expressed by the institutes in the construction of LHCb components.

| Component | Institutes

Magnet

CERN, PSI

Vertex D./ Veto C.

CERN, Free Univ. of Amsterdam, Glasgow, Heidelberg, Imperial College,
Kiev, Lausanne, Liverpool, MPI Heidelberg, NIKHEF-FOM, Roma I

Inner Tracker

Heidelberg, MPI Heidelberg, PNPI, Santiago de Compostela

Outer Tracker

Dresden, Free Univ. of Amsterdam, Freiburg, Humboldt, THPE/Beijing,
NIKHEF-FOM, Utrecht

RICH Cambridge, CERN, Genova, Glasgow, Imperial College, Milano, Oxford

ECAL/Preshower Bologna, Clermont-Ferrand, INR, ITEP, Lebedev, Milano, Orsay,
Roma I, Roma II

HCAL Bucharest, IHEP, Kharkov, Roma I

Muon Chambers

Beijing, CERN, Hefei, Nanjing, PNPI, Shandong, Rio, Virginia

DAQ/ Trigger/
Offline

Bologna, Cambridge, CERN, Clermont-Ferrand, Heidelberg, Lausanne,
Lebedev, Marseille, NIKHEF-FOM, Orsay, Oxford, Rice, Virginia
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4.4 Resources and schedule

Negotiations with the funding agencies are in very
different stages of advancement: some firm com-
mitments have been obtained, some negotiations
have only just started. Preliminary estimates in-
dicate, however, that the funding likely to be con-
firmed in the near term will fall short of the total
cost estimate for the proposed detector. LHCb has
therefore undertaken the following actions:

e The Collaboration is having discussions with
potential new collaborators and will remain
open in future.

e Possibilities for cost reductions not entailing
serious deterioration of the performance are
being investigated.

e Assuming that additional funding can be ob-
tained in a few years’ time, LHCb has started
to elaborate “stretching scenarios”, which per-
mit late addition of substantial fractions of
the various subsystems and are based on the
latest dates for which funding is required to
still guarantee completion and commissioning
of the whole detector for first LHC beams.
The Collaboration is confident that it will
be able to convince the funding agencies by
rapid construction progress (in particular on
the LHCb-specific components like the vertex
trigger and the RICH detectors), that addi-
tional funding for the experiment would be
well placed.

e For the worst case, where no additional fi-
nancing might be obtained in time to com-
plete the detector as designed for “day 17,
LHCDb has started to look into “staging sce-
narios”, which would minimize the loss in
physics and still permit subsequent comple-
tion of the detector.

It is the firm intention of the Collaboration to
be well prepared for efficient data taking on “day
1”. LHCb has a unique chance to provide exciting
physics immediately after LHC startup, since the
experiment requires less than 5% of the LHC de-
sign luminosity for collecting about two orders of
magnitude more B mesons than the earlier experi-
ments, within the first year of operation.

The global schedule foresees:

1. about two more years of R&D and prototype
studies,

2. the start of construction in early 2000,

3. the start of installation in autumn 2003.

zl

Table 4.3: Estimates of investment costs.

| Subsystem [ Lol [ Updated Cost(¥*) ]
MCHF MCHF
Magnet 15 16.5
Vertex D./Veto C. 5 5.1
Outer Tracker 9 8.5
Inner Tracker 4.0
RICH 9 7.0
ECAL 10 10.5
Preshower 1.9
HCAL 7 4.5
Muon Chambers 9 10.0
Data Handling 17 10.3
Trigger 3.7
Infrastructure 5 4.0
| Total | 86 | 86.0 |
(*) in 1998 prices
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Chapter 5 Infrastructure

5.1 Experimental area

5.1.1 General layout

The Interaction Point IP8, presently occupied by
DELPHI, has been allocated to LHCb. To ac-
commodate the single-arm spectrometer, the beam
crossing point in the underground area UX85 has
been displaced from the centre of the cavern by
11.25 m towards IP7, thus making full use of the
existing hall without the need for substantial civil
engineering work][1].

Figure 5.1 shows the general layout of the de-
tector components in the cavern, viewed from the
outside (the assembly area) towards the centre of
the LHC ring. The latest version of the beam optics
accommodates the detector length of 19.7m, mea-
sured from the IP to the end of the muon shield.

Figure 5.2 shows a top view and Fig. 5.3 an
isometric view of the experimental zone. All de-
tector subsystems, except the vertex detector, are
assembled in two halves, which can be separated
horizontally for assembly and maintenance, as well
as to provide access to the beam pipe. This permits
removal of detector modules, without breaking the
LHC vacuum, and allows for in-situ bakeout of the
beam pipe. The clearance currently available does
not permit full retraction of the muon chambers
on one side (see Fig. 5.2), and discussions are in
progress on the layout of the LHC cryogenics in
this area. The installation of the cryogenics, power
supplies and discharge resistors for the LHCb mag-
net, is foreseen on an additional platform close to
the dipole.

Most of the detector electronics and the on-line
computer farm will be housed behind a shielding
wall, at the other end of the UX hall, where they
will be accessible during LHC operation. The se-
lected event data will be sent via optical links to
the data recording and control room in the surface
building SX 8.
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5.1.2 Safety
Radiation protection

The radiation shield presents the major modifica-
tion to the UX cavern. Whilst the DELPHI detec-
tor itself provided sufficient radiation protection to
allow people anywhere in the hall during LEP op-
eration, LHC operation requires additional heavy
shielding.

The radiation produced during normal opera-
tion and in a “worst-case” accident, and the protec-
tion provided by various geometries of the shielding
wall have been calculated [2]. The design specifica-
tions are:

e For normal operation: a dose rate < 10 uSv/h
everywhere behind the wall for a luminosity
of 1033cm™2s7!, i.e. five times the nominal
LHCb luminosity.

For full beam loss: < 50 mSv at the back sur-
face of the shield for the worst-case scenario,
i.e. the loss of 4.7 x 10™ protons 5 m up-
stream from the centre of the cavern at the
inner surface of the beam pipe.

For beam loss at injection: < 100 mSv/h with
loss of 4 x 10'3 protons per 16.8 seconds.

The calculations show that the “worst-case sce-
nario” beam loss defines the most stringent require-
ment. For standard concrete shielding , a thickness
of 3 m for the lower 12.5 m and of 2 m for the up-
per part provide a good safety margin, even when a
slanted cable shaft, a ‘chicane’ passage on the floor,
and a straight opening for the ventilation ducts
near the ceiling are added. The proposed layout of
the shielding consists of two fixed pillars, erected
on both sides up to crane level, with demountable
central and top sections. This layout permits rapid
assembly of the shield as well as the possibility to
open a 13m x 11m access on the floor and/or a pas-
sage for the crane [3]. The shielding wall allows safe
long-term access to the huts housing the data ac-
quisition during LHC operation. Registration with
film badge will be obligatory for any access to the
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Figure 5.1: Layout of Detector components in the cavern.

cavern. During shutdowns, access to detector ele-
ments will be authorized by the Territorial Safety
Officer. Detailed calculations on the build-up of
induced radioactivity have yet to be carried out,
but levels requiring special precautions are not ex-
pected except near the iron shield inside the muon
detector.

Gases

Table 5.1 contains an inventory of the gases used in
the detectors. All detectors operate close to atmo-
spheric pressure. Due to the open geometry of the
layout and the limited gas volumes and flow rates,
there is no danger of asphyxiation, except possibly
inside the dipole magnet and below the muon de-
tector, where ventilation and leak detectors will be
installed. The risk due to a possible helium leak
in the cryogenics installation is being evaluated to-
gether with the cryogenics group and the Technical
Inspection and Safety Commission (TIS).

The total amount of hydrogen-equivalent is an-
ticipated to be below 5 kg, i.e. well below the limit
of 40 kg (which defines a risk class III). With the
flow rates envisaged, diffusion and convection will
be sufficient to avoid flammability conditions ex-
cept possibly inside the dipole and below the muon

Table 5.1: Gases for LHCb Detectors

Sub- Gas Vol. | Hy-equiv.
Detectors (m?) (kg)
RICH 1 C4F19 4 0
RICH 2 CF, 50 0
Outer Tracker | CF4/CHy 8 0.5
(80/20)%
Inner Tracker | Ar/DME 0.04 0.04
(50/50)%
Muon MRPC | CyFsH/Ar/ 2 <3
i-C4Hio
(85/10/5)%
Muon CPC CO2/Ar/CFy | <1 0
(60/30/10)%

detectors, where ventilation is foreseen. Risk Class
IIT is, therefore, excluded.

Gas will be stored and mixed on the surface,
as is now done for DELPHI, in the existing SG
building. The available safety installations and the
tested gas piping to the cavern through the PM85
shaft will be re-used.
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Figure 5.2: Top view of the experimental zone.

Magnetic field

The large aperture dipole magnet produces a rel-
atively strong stray field. Whenever the magnet
is powered, a warning light will be actuated and a
zone of restricted access - where standard CERN
rules apply- will be fenced off.

Safety instruction

The GLIMOS will ensure that access to the cav-
ern is permitted only for people having followed a
course in safety procedure similar to the one estab-
lished for the LEP experiments.

5.1.3 Services

Present estimates indicate that the installed elec-
trical power of 1.5 MW for the detector electronics
and the magnet and cooling should be adequate for
LHCDb. An effort will be made to re-use as much as
possible from the existing cryogenics installation.
However, the ventilation system will require sub-
stantial modifications, due to the increased induced
radioactivity around the beam and the presence of

the shielding wall. It is foreseen to provide internal
air filtering and circulation for the volume behind
the shielding wall, where the electronic huts are
sited, and a small overpressure with respect to the
beam area.

The elevator for personnel in PZ85 and the ac-
cess shaft PX84 for equipment are adequate for
LHCb. The detector elements will be limited in
weight and size so that handling is possible using
the two existing 40 t cranes in the UX cavern.

5.1.4 Surface buildings

The surface buildings (Fig. 5.4) presently used by
DELPHI are considered adequate for LHCb. These
include building SX for storage space during assem-
bly, a small workshop and the control room; SG
for gas storage and mixing; the compressor area
in SUH (20m x 17m) and the small Building 2889
with a meeting room and a few offices. It is impor-
tant that the location of the new LHC compressor
building SHMS leaves space for the passage of large
lorries behind SX 2885.
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Figure 5.4: Surface buildings. The shaded build-
ings are to be used by LHCb.

5.1.5 Installation

Installation of the LHCDb experiment will require
16 months. This includes the reception test of the
superconducting dipole, which is foreseen to take

place underground. To reduce costs, the dipole will
be tested at the factory, but not on the surface
at CERN. It has been agreed with the accelerator
group that an interruption (e.g. for injection tests)
of the LHCD installation may be negotiated, as long
as an integral of 16 months with full access for the
experiment is guaranteed.

Since the movement of the 40 t cranes is lim-
ited, a platform has been designed for the assembly
of the dipole yoke on the axis of PX84 [4]. Follow-
ing assembly of the yoke and the mounting of the
cryostats containing the coils, the magnet will be
moved to the existing rails and along these into the
beam position.

5.2 Interaction region

5.2.1 IP8 layout and optics

Circulating proton bunches in the LHC are sepa-
rated by A\/c = 25ns and counter-rotating bunches
cross at points separated by a distance A/2. The
IP8 interaction point will be shifted by 3A/2
(11.25 m) in the direction of IP7, allowing the
LHCDb single-arm spectrometer to be accommo-
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dated in the existing DELPHI hall, facing the
clockwise rotating beam (LHC ring 1). To main-
tain the symmetry of the beam optics around this
interaction point, approximately 160 m of machine
elements on both sides, must be displaced. This in-
cludes the first focusing quadrupole triplet and the
two separation dipoles D1 and D2. An LHC op-
tics solution exists, which includes these changes,
and provides additional space for the injection of
protons into ring 2, downstream of IP8.

The luminosity is inversely proportional to 3*,
the beta-value at the interaction point. The nom-
inal LHC luminosity, 103* cm~2s~' assumes * =
0.5m in the two high luminosity interaction points
IP1 and IP5. To provide an LHCb luminosity over
the range 1 —5x 1032 cm 25!, the IP8 low-beta in-
sertion must be tunable in the range 2.5 m< §* <
50m. Fig. 5.5 shows how this LHCb luminosity
range is obtained when the LHC runs at nominal
luminosity and (during the early phase of opera-
tion) when it might provide only 10% of the nomi-
nal value.

‘:4\ ]
i
N J
IS
S :
8_3 10 ]
- ]
] Range of
T LHCDb
] Luminosities
10%2 5
31
10 [f”;s(m)

Figure 5.5: Luminosity as function of the beta-
value in IP8 for three LHC luminosities: the nom-
inal luminosity of 104 cm=2s~! (solid line), 50%
(dashed line) and 10% (dash-dotted line) of the

nominal luminosity.

The LHCb dipole magnet is expected to remain
at its nominal field during the complete LHC cycle.
It will give the circulating beams a horizontal an-
gular kick, which must be compensated by adding
magnets in the space between the vertex tank and
the quadrupole triplet, upstream (towards IP7) of
IP8. The spectrometer magnet and its compensa-
tion dipoles have been included into the LHC lat-
tice. These optics also provide the required range
for S-tuning in IP8 and allow reversal of the mag-

netic field. The aperture required around IP8 for
the LHC beams is largest at injection energy and
a minimum beam pipe diameter of 45mm is re-
quired [5].

5.2.2 Beam pipe

—
& 500
= Vertex detector tank
= 300 mrad
400 -
300 -

Figure 5.6: The proposed LHCb beam pipe com-
prises the vertex detector tank and two conical alu-
minium sections having 25 mrad and 10 mrad open-
ing angle.

The proposed LHCb beam pipe is composed of
three sections (see Fig. 5.6). The vertex detector
tank of about 2m total length is connected to a
25 mrad conical aluminium section of about 1.5m
length. This is followed by a 10mrad conical Al
section of about 16m length. The different sec-
tions are interconnected by thin Al transition win-
dows. The wall thickness of the conical Al sec-
tions increases from 1 mm to 6 mm, in proportion
to the diameter. The conical sections are formed
from several pieces welded together. Bellows and
flanges separate the vertex detector tank from the
fragile first part of the conical chamber. Pump-
ing stations are located at both ends. To fulfil
the stringent vacuum stability requirements, dis-
tributed non-evaporable getter pumping over most
of the chamber length will also be needed and pro-
vision will be made for in-situ bakeout of the beam
pipe.

A detailed design of the LHCb beam pipe is un-
der discussion, taking into account particle back-
ground and vacuum requirements as well as the
mechanical integration into the detector layout.
Different chamber materials, in particular sections
fabricated from beryllium, are being studied.
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Figure 5.7: Conceptual Design of the Dipole Mag-
net.

5.3 Dipole Magnet

The dipole magnet has a window-frame design with
a vertical gap of 3.6 m [6]. It provides a verti-
cal magnetic field with good homogeneity across a
4.3 m horizontal aperture. The overall size is min-
imized by placing the magnet immediately down-
stream of RICH 1, where it provides the 300(h)
x 250(v) mrad acceptance required for the down-
stream detectors. A schematic layout with the yoke
opened is shown in Fig. 5.7.
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Figure 5.8: Magnetic Field components as a func-
tion of z.

The choice of a superconducting magnet is de-
termined by the high field required and the desire
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to make maximum use of existing facilities from
DELPHI. With the parameters given in Table 5.2,
a maximum central field of 1.1 T is obtained, corre-
sponding to a bending power along the beam axis
of 4.0 Tm. Detailed 3-D field calculations have
been carried out and some results are presented
in Fig. 5.8.
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Figure 5.9: Detail of coil winding and superconduc-
tor.

The field provides adequate momentum resolu-
tion with the proposed tracking system over the
full acceptance. Fig. 5.9 shows details of the coil
winding and the internally-cooled superconductor.

Yoke SS-vacuumchamber  Shield Tie Rode G10 pipe

330
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Figure 5.10: Support for a horizontal section of the
coil.

Details of the support for a horizontal section
of the coil are shown in Fig. 5.10.

It is foreseen to reverse the field direction reg-
ularly, in order to reduce systematic experimental
errors. The time required for ramping down and
up should be less than one hour. Throughout the
LHC beam filling and acceleration, the dipole will
be maintained at full field.

To reduce the stray field in the region of the
Vertex Detector and RICH 1 ( < 50 gauss around
the photodetectors), an iron shielding plate (see
Fig. 2.5) has been placed between the magnet and
RICH 1.
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Table 5.2: Dipole Specifications

Parameter: Value:
Central Field 1.1T
Conductor Size (14.4mm)?
Number of Layers 2
Free Aperture (horizontal) 4.3m
Free Aperture (vertical) 3.6m
Coil Inductance 0.24H
Ampere-turns 4 MA-turns
Operating Current 20kA
Stored Energy 50 MJ
Cold Mass 4.0t
Weight of Yoke 1200 t
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Chapter 6 Front-End Electronics

6.1 Introduction

Features of the front-end electronics that are com-
mon to all LHCb detectors, and which are con-
strained by the requirements of the LHCb Trig-
ger and DAQ system, are described here. Features
specific to the requirements of a particular sub-
detector are discussed in the appropriate chapter.

The front-end electronics receive analogue sig-
nals from the detector that are synchronised with
the LHC bunch crossing at 40 MHz, and must de-
liver zero-suppressed and formatted data to the
DAQ system over the read-out links. The detector
data must be buffered in the front-end electron-
ics for a time corresponding to the latency of the
Level-0 and Level-1 triggers. Each trigger-level de-
cision results in a reduction of the amount of data
that must be transmitted downstream, and there-
fore after each stage, data from many buffers can
be multiplexed onto the same output stream.

The impact of the LHCb trigger scheme on the
buffering requirements in the front-end electronics
is shown in Fig. 6.1. The Level-0 trigger makes the
first event selection using signals from the calorime-
ters, the muon detector and the pile-up veto. It is
implemented in specialised hardware with a latency
of 128 clock cycles (3.2 us). The Level-1 trigger
uses tracking information from the vertex and the
main tracking detectors. The implementation of
the L1 algorithms uses a mixture of special purpose
hardware and farms of high-performance proces-
sors. The latency of the Level-1 algorithms is vari-
able, but limited to a maximum of 256 us. A spe-
cial trigger decision unit is foreseen to deliver both
Level-0 and Level-1 trigger decisions to the front-
end electronics in chronological order, thereby sim-
plifying the implementation of the L1 buffers. To
ensure that the Level-1 front-end buffers do not
overflow, they must be capable of storing up to 256
events accepted by Level-0.

The goal is to develop a model for the front-
end electronics that fulfils the general LHCb re-
quirements and that can be adapted to the specific
needs of each sub-detector. In this way, common
components can be more easily identified and de-
veloped for all appropriate sub-detectors.
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Figure 6.1: Trigger logic and front-end electronics.

6.2 Front-end model

A general view of the front-end electronics is shown
in Fig. 6.2. Detector signals are amplified and shaped,
when appropriate, and are stored in pipelined Level-
0 buffers. Data in the Level-0 buffers can be ana-
logue for detectors with limited dynamic range (such
as the Vertex Detector, RICH, and inner tracker),
digital for detectors with large dynamic range, bi-
nary or TDC data (such as the calorimeter, muon
detector, and outer tracker). For detectors partic-
ipating in the Level-0 decision, binary data (e.g.
muon), or digital data with a reduced dynamic
range data (e.g. 8 bit for calorimeters), are sent
to the Level-0 trigger hardware.

Events are accepted at the output of the Level-
0 pipeline at an average rate of 1 MHz. Following a
Level-0 “accept” all data must be digitized, if not
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Figure 6.2: Front-end electronics architecture.

already done, before being stored in the Level-1
buffer. Level-0 “accepts” can be very close in time,
in principle as close as 25 ns. A de-randomiser
buffer (FIFO) is needed at the output of the pipeline
and before the multiplexing stage, in order to match
the data flow traffic with the speed capabilities of
the output path. The optimal depth for the de-
randomiser buffer is chosen to minimise the inef-
ficiency that can arise should the buffer overflow,
within constraints imposed by the cost of imple-
mentation. Table 6.1 shows the inefficiencies for
different read-out time scenarios and buffer depths.
The read-out time of 800 ns is of special signifi-
cance, since it corresponds to the time needed to
transmit multiplexed data from 32 channels using
the 40 MHz clock. It can be seen that scenario C or
D would both be acceptable as they result in a very
small loss rate. Solution C uses the optimal readout
time of 800 ns and an 8-deep de-randomiser, the
depth implemented on many existing chips. The
deadtime can be made negligible by increasing the
depth of the de-randomiser to 16 (Solution D).
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Table 6.1: Inefficiencies for different read-out sce-

narios.

| Scenarios | Loss |
A: De-randomiser depth 4, read out in 500ns 0.33%
B: De-randomiser depth 8, read out in 500ns 0.003%
C: De-randomiser depth 8, read out in 800ns 0.6%
D: De-randomiser depth 16, read out in 800ns 0.02%
E: De-randomiser depth 32, read out in 1000ns 1.5%
F: De-randomiser depth 64, read out in 1000ns 0.8%
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Figure 6.3: Level-0 inefficiency as function of trig-
ger rate.

Some detectors may require samples from more
than one beam crossing to be extracted from the
Level-0 pipeline for each accepted trigger. With
front-end electronics designs developed by ATLAS
and CMS [1], this can be implemented only by
inhibiting the formation of triggers from consecu-
tive bunch crossings. As LHCDb has a high Level-0
trigger rate this would result in a relatively high
deadtime of ~ 5% per MHz. This is clearly un-
desirable and therefore solutions will be sought to
avoid this.

Fig. 6.3 shows the inefficiency as a function of
trigger rate for scenario D. The contribution to in-
efficiency from the limited buffer depth becomes
significant only for trigger rates above 1.25 MHz.
The figure also shows that adding the minimum
bunch spacing requirement adds a loss of 5% per
MHz, and that this dominates for trigger rates be-
low 1.25 MHz.

Buffer overflows must be prevented, in order to
simplify event assembly and preserve the integrity
of the data. Clearly the buffer depths and read-
out speeds must be well matched across all compo-
nents of the front-end electronics, such that a global
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scheme can be implemented to prevent triggers ap-
pearing at too fast a rate. The central readout
supervisor can be programmed not to pass more
than a given number of triggers in a given time.

The vertex detector and the tracking detectors
must, after digitisation, supply binary data to the
Level-1 trigger processing system. During the la-
tency of Level-1, the event data will be stored in
the Level-1 buffer, which comprises a fixed number
of event slots. The data storage time of 256 us
requires that the Level-1 buffer is implemented as
a digital buffer. Guaranteeing that Level-1 deci-
sions arrive in correct sequence enables the Level-1
buffers to be implemented as simple FIFO’s, with
separators between blocks of event data. It is cur-
rently envisaged to implement the Level-1 buffer
using discrete memory devices controlled by an
ASIC, and this design could be common for all sub-
detectors. An advantage of using discrete memory
devices is that the Level-1 latency can be relatively
easily extended, if required.

There is also a need for de-randomisation of the
dataflow at the output of Level-1, following the
same arguments as used for the Level-0 pipeline.
The read-out and the subsequent data processing
after the Level-1 buffer must be able to cope with
an average event rate of 40 kHz. Since the posi-
tive Level-1 decisions can happen as close as 1 us,
another FIFO is needed to store temporarily the
Level-1 accepted events.

Full zero-suppression and data formatting must
be performed before data are dispatched over the
front-end links to the data acquisition system. The
front-end multiplexers merge data from many mod-
ules or cards into structured blocks of data, and
these are transmitted over standardised serial links.

6.3 Location of the electronics

The optimal physical location of the front-end elec-
tronics is still being investigated for each sub-
detector. The LHCDb detector, being an “open”
structure, enables a significant part of the electron-
ics to be located “off-detector”. The general philos-
ophy is that the analogue front-end and the Level-
0 buffer can be located inside the detector. The
Level-1 buffer should be off-detector, in a nearby lo-
cation where radiation is sufficiently low that stan-
dard commercial components can be used. The
1 MHz Level-0 accept rate requires a significant
bandwidth at this boundary.

Radiation levels inside the LHCb detector dur-
ing normal operation are estimated to be of the
order of 20 krad/year at a distance of 30 cm from

the beam pipe. Because of the approximate 1/r2
dependence, standard components may be used for
radial distances from the beam greater than 4 me-
tres. At this distance the integrated dose over 10
years is below 1 krad. Front-end electronics used
inside the detector must be radiation-hard, or at
least radiation tolerant.

The first level of off-detector electronics is
placed in crates a few metres away from the detec-
tor. The possibility of damage to the electronics
caused by thermal neutrons still has to be evalu-
ated. It is planned to use standard power supplies
and fans, so the effect of the magnetic field from
the dipole must also be considered. These crates
will only be accessible while LHC is stopped. The
next level of electronics will be 60 metres away from
the detector behind a thick concrete wall, allowing
access during LHC operation.

6.4 Distribution of clock and
triggers

In the current scheme, the distribution of the 40
MHz bunch-crossing clock and the Level-0 and
Level-1 triggers to the front-end electronics is based
on the same TTC (Trigger, Timing and Control)
system as that used by the other LHC experi-
ments [1]. The distribution of the Level-1 trigger,
not provided in the present design of the TTC, is
currently being studied and preliminary results in-
dicate that the system is able to handle Level-1
decision rates up to 1 MHz.
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Chapter 7 Vertex Detector

7.1 Introduction

The Vertex Detector has to provide precise mea-
surements of track coordinates close to the interac-
tion region. These are used to reconstruct produc-
tion and decay vertices of B-mesons and provide an
accurate measurement of their flight time, and to
measure the impact parameter of particles used to
tag the B flavour. The Vertex Detector also pro-
vides information to the trigger, which enriches the
B-decay content of the data.

Silicon detectors with a small strip-pitch and
low multiple scattering have been chosen to achieve
these requirements. For tracks within the spec-
trometer acceptance, the optimum arrangement of
silicon detector planes is perpendicular to the beam.
The extrapolation distance between the first mea-
sured point on a track and the primary vertex is re-
duced by placing the detectors at a radial distance
from the beam which is smaller than the aper-
ture required by the LHC during injection. This
is achieved by mounting the detectors in Roman
pots. A similar design is used for the HERA-B Ver-
tex Detector [1], which experiences particle fluxes
similar to those in the LHCb Vertex Detector.

The Vertex Detector is used in the Level-1 ver-
tex trigger. The Level-1 algorithm requires stand-
alone three-dimensional pattern recognition to dis-
tinguish B-events from those minimum bias events
which are accepted by the Level-0 trigger. As a con-
sequence the Vertex Detector has to provide mea-
surements in three independent projections, and
tracks in the acceptance of the downstream spec-
trometer are required to have at least three mea-
sured space points.

B-mesons that have all their decay products
within the acceptance of the spectrometer are pro-
duced with a polar angle that is typically below
200 mrad. The projection of the impact parameter
of the decay products to the primary vertex in the
rz-plane is large, while in the plane perpendicular
to the beam-axis (r¢) it is similar to that of tracks
originating from the primary vertex. The Level-
1 trigger exploits this by first reconstructing all
tracks in the rz projection, but reconstructing only
those three-dimensional tracks which have a signifi-
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Figure 7.1: Layout of the Vertex Detector. The
detector has 17 stations, each consisting of 2 silicon
discs (r and ¢ strips), divided into 6 sectors.

cant rz impact parameter. Hence the strip pattern
on the detectors has strips with constant radius for
the rz-track reconstruction, combined with radial-
strip detectors having a £5° stereo angle to allow
the two projections to be combined.

The Level-0 trigger accepts events at a rate of
1 MHz, which requires the whole detector to be
read out within 1 us. Analogue rather than binary
readout has been chosen since it allows for better
monitoring and control of the effects due to the
very non-uniform radiation damage to the silicon
detectors.

7.2 Geometry

The requirements outlined above are fulfilled us-
ing the geometry shown in Fig. 7.1. The length
of the interaction region along the beam is 0,=5.3
cm. With a 4 cm spacing between the detectors
and a radial coverage of 1 cm to 6 cm for all detec-
tor planes, it is assured that practically all particles
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Figure 7.3: Channel occupancy for the r, ¢ detec-
tors

measured in the downstream spectrometer traverse
at least three stations. Twelve equidistant stations
cover the interaction region, while five stations are
placed further downstream to cover polar angles
down to about 15 mrad. The detectors need to
be protected against RF pickup from the beams,
therefore they are placed in a secondary vacuum,
separated from the LHC vacuum by a thin (100
pm) aluminium foil, which encapsulates each sta-
tion.

The detector is split in two halves which are re-
tracted by 3 cm during LHC injection. To allow
an overlap between the top and bottom half of a
station they are displaced by 2 cm along the beam
axis. During injection the material at small radii
extends inside the 1 cm radius since the detectors
are equipped with complex guard-ring structures
(1 mm width). In addition, the RF-shield needs to
fold around the detectors with sufficient clearance
(3 mm), and another 2 mm is reserved to accom-
modate the wake-field suppressor (see section 7.3),
which is therefore situated 4 mm from the beam
axis. The aperture required by the LHC machine
during physics running conditions is only 1 mm.
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Table 7.1: Dimensions of the silicon vertex detector

| 17 stations, 6 sectors/station, 102 r-sectors |

radius strip pitch | coverage | channels
1.0-2.536 cm | 40 pm 30.5° 2 x 384
-4.072 cm | 60 pm 61° 256
-6.000 cm | 80 um 61° 241
| 17 stations, 6 sectors/station, 102 ¢-sectors |
radius strip pitch | coverage | channels
1.0-2.536 cm | 40-104 pm 61° 256
-6.000 cm | 41-98 pum 61° 640

Each station consists of two discs, which mea-
sure r and ¢ coordinates respectively. Each disc
is subdivided in six sectors. The sensitive area of
each sector covers 61° in ¢ and 1 cm to 6 cm in
radius. Fig. 7.2 shows the detector strip layout.
Routing lines to connect the strips to the readout
electronics, positioned at a radius of 7 cm, are not
shown. The pitch and length of strips have been
chosen such that the occupancy per channel, shown
in Fig. 7.3, varies by less than a factor of three.
The occupancy of the channels measuring the ¢-
coordinate could be further optimised using a more
complicated routing of the signals to the electron-
ics. Table 7.1 summarises the main parameters of
the detectors. The chosen strip pitches result in
a hit precision which varies from 6 pm (9 pm) for
40 pm strip pitch for double (single) channel clus-
ters, to 10 pm (18 pm) for 80 um strip pitch for
double (single) channel clusters.

The Level-1—Level-3 triggers require the Ver-
tex Detector to be aligned to a precision better than
the reconstructed cluster position of 6 pm. The
strategy is to align all the detector elements inside
a half-station to better than 20 pm, and the sta-
tions relative to each other to better than 50 pm. A
survey of the upper and lower halves of the detec-
tor separately should result in an alignment with
a precision of 20 pm over the full length of the
half-detector. The lower and upper halves need to
be mechanically positioned with a precision better
than 100 um. The detectors have a 1° overlap in ¢
which allows for an internal alignment using recon-
structed tracks, and will refine the survey results
to the required precision of less than 6 pym.

Two silicon discs of similar geometry to those
used for the Vertex Detector are placed at the up-
stream end (opposite to the spectrometer) of the
Vertex Detector. They are equipped with fast read-
out and are used to implement the pile-up veto
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in the Level-0 trigger. The detector sectors have
300 r-measuring strips with readout pitch of 120—

240 pm, varying with radial distance from the beam.

A total of 3600 strips are read out. The r coor-
dinates of outgoing tracks, measured in the two
planes, are used to reconstruct an approximate z-
coordinate of the primary vertex. The pile-up veto

algorithm suppresses bunch crossings containing mul-

tiple pp interactions. The detectors and the per-
formance of the algorithm are described in further
detail in Section 12.3.3 and in Ref. [2].

7.3 Roman pots

The design of the vacuum tank and support struc-
tures of the Vertex Detector needs to satisfy several
requirements. It must have low mass in the ac-
ceptance region and provide for alignment and re-
tractability of the Vertex Detector. It must take ac-
count, of mechanical stresses induced by heat load-
ing and maintain high-vacuum compatibility while
providing signal feed-throughs, etc.

Figure 7.4 shows a draft design of the vacuum
tank and support structures for the Vertex Detec-
tor. The tank is cylindrical with a length of 177 cm
and a radius of 55 cm (60 cm) at the upstream
(downstream) end. The heavy support of the exit
window is rectangular and does not obstruct the
470 mrad corner-to-corner acceptance of the down-
stream tracking stations. Particles within the 330
mrad acceptance of the spectrometer traverse only
silicon stations and the exit window. The Vertex
Detector stations are mounted, at the top and the
bottom, on two aluminium support frames, each
attached to a pair of linear actuators via play-free
hinges. The two silicon detector planes for the pile-
up veto (not shown in Fig. 7.4) are accommodated
upstream of the Vertex Detector.

This design allows retraction of the detectors by
3 cm from the beam axis during beam filling. The
design parameters for the exit foil are determined
by the mechanical stresses, the available space in
the z-direction, the large angular acceptance and
by multiple scattering. Numerical stress calcula-
tions have been performed to produce a realistic
design of the exit foil. A self-supporting (spheri-
cal) shape has been chosen which minimises ten-
sions on the connecting beam pipe. An aluminium
foil of 2 mm thickness and 1 m radius of curvature
satisfies all the requirements.

The detectors and front-end electronics will be
located in a secondary vacuum. Compatibility
issues have been discussed with the LHC group
and do not a-priori present a problem. The feed-

through of 22000 signal wires to the outside from
the secondary vacuum appears feasible. Fifty
twisted-pairs per hybrid will be transported outside
the vacuum via “chimneys” and standard 50-pin
connectors mounted on the top and bottom flanges.

Leakage currents in the detectors, the electron-
ics and wake-field interactions lead to an expected
heat load of about 25 W/station. The detectors
will be cooled by heat conduction via the aluminium
support frame, which will be maintained at a low
temperature. A 100 pum Al foil separates the pri-
mary from the secondary vacuum and also provides
partial RF-shielding of the detectors. Such a de-
sign is likely to exhibit strong coherent RF-coupling
due to the ‘cavity-like’ structure of the detector en-
capsulation, possibly resulting in unacceptable RF
pickup and heat load due to the circulating beams.
To minimise such RF coupling a wake field sup-
pressor will be mounted between the beam and the
Vertex Detector. Different options are being simu-
lated using the MAFIA[3] program. Possible solu-
tions include the use of four metal strips (~ 5 pm
thick stainless steel) or a number of conducting
wires spanning the full length of the tank.

7.4 Particle fluxes

The detectors are positioned only 1 cm away from
the colliding beams and will suffer radiation dam-
age which may degrade the performance due to in-
complete charge collection and increased shot noise
resulting from increasing bulk leakage-current. The
total fluence at the detector has been simulated [4]
with the MARS [5] program. The simulation in-
cludes the following: the detectors with their hy-
brids and readout electronics, the vacuum tank,
the concrete walls of the LHC-tunnel', the cor-
rection dipole (upstream, inside the tunnel) and
the LHCb magnet downstream of the Vertex De-
tector. Fig. 7.5 shows the total charged particle
and neutron flux, as a function of radius, for the
station at the mean z-position of the interaction
point. The contribution from particles originating
from the primary interaction is also shown.
DTUJET93 has been used as event generator.
At small radii the flux is completely dominated by
the primary particles, while at a radius of 6 cm
the thermal neutrons, which have a practically flat
distribution as a function of the radius, make up
one third of the total flux. PYTHIA (with the de-
fault parameters) gives fluxes from primary tracks

1Due to the displaced vertex position the detector is
placed in the tunnel rather than in the cavern.
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Figure 7.4: Side view of the vacuum tank and support structures for the Vertex Detector. The bottom
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Figure 7.5: Charged particle (upper lines) and neu-
tron (lower plines) fluxes, per interaction, as a func-
tion of radius, at station 6 of the Vertex Detector.

about 50% larger than those obtained with DTU-
JET93. The total charged particle flux is domi-
nated by pions. The total flux varies little between
the 17 stations, but the momentum distribution
varies widely, from a most probable momentum of
0.8 GeV/c at r = 1 cm for station 6, to 20 GeV/c
for station 17. As is shown in Fig. 7.6, this results
in an equivalent dose per station when express-
ing the total fluence in terms of damage caused
by 1 MeV/c neutrons using the Non-Ionizing En-
ergy Loss (NIEL) tables [6]. The maximum 1
MeV /¢ neutron-equivalent fluence (over one year)
is 0.84x10*/cm? for the DTUJET93 generator,
and 1.3x10'*/cm? for the PYTHIA generator with
default parameters. These particle fluxes have con-
sequences for the detector design, as described in
the following section.

7.5 Detector design

7.5.1 Introduction

The impact-parameter resolution is most sensitive
to the track hits at the smallest radii, and hence
a conservative design is chosen for the silicon de-
tectors which must run in the hostile environment
close to the LHC beam. The most radiation tol-
erant silicon devices currently available are n-side
readout single-sided detectors. Given the expected
radiation doses and the present understanding of
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Figure 7.6: Total particle fluence at two stations
of the Vertex Detector as a function of the radius.
(For one year of running and using the DTUJET93
generator.)

the radiation resistance of these detectors they could
last for several years. However, the baseline oper-
ating scenario is to replace the innermost detectors
every year.

The bulk leakage current of the detectors in-
creases linearly with the thickness and the full-
depletion voltage is proportional to the square of
the thickness. Hence a thin detector has low cur-
rent and low total power dissipation, at the expense
of aloss in signal and an increase in the capacitance
to the backplane. Thin detectors have the addi-
tional advantage of lower multiple scattering and
the low power dissipation reduces the amount of
material needed to cool the inner edge of the detec-
tors. These considerations have led to the adoption
of 150 pm thick detectors, which are the thinnest
detectors that may be easily and economically man-
ufactured.

7.5.2 Technology

It is foreseen that the detectors will employ poly-
silicon biasing, n-strip readout and individual p-
stop isolation between the strips. Poly-silicon bias-
ing avoids the problems of excess noise introduced
by reach-through biasing as reported [7] by ATLAS
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Figure 7.7: Schematic cross-section of the silicon
detectors showing the depletion region after irradi-
ation.

and CDF. Figure 7.7 is a schematic of these detec-
tors showing the (partially) depleted region of the
silicon, after type inversion due to irradiation. The
n-implants are capacitively coupled to aluminium
strips. The aluminium has a resistivity of about
202/cm and a capacitance to the implant of about
12pF/cm.

The edge regions of these silicon detectors re-
quire careful design to avoid excess currents being
drawn, severely compromising the performance of
the detector. Indications from ATLAS tests are
that multi-guard ring structures give adequate pro-
tection before and after irradiation. The detec-
tors will have n-strips of width 10um and p-stop
(guards) of width 5um. The narrowest pitch fore-
seen for LHCb detectors of 40um results in a sep-
aration of 6um between adjacent guards and 7um
between the guard and its associated n-strip. To
avoid micro-discharges at the ends of strips, all ends
have been rounded.

Insufficient space is available (without introduc-
ing significant dead areas) to route out all the strips
in a single metal plane. A double-metal technol-
ogy as applied by DELPHI [8] has been chosen.
This enables the signal from a strip close to the
beam to be routed out over the top of other struc-
tures via a 1pm thick, 20pm wide aluminium strip
(resistance< 20€2/cm) separated from the rest of
the detector by a thin (2-5um) SiOs or polyamide
dielectric layer. The capacitance of the readout
strip should be less than 1pF/cm. The layout of
the routing lines to the readout electronics is con-
strained by the need to minimise cross-talk and ca-
pacitance while preserving the strip order in the
readout chain to facilitate the correction of local
common base-line shifts. Figure 7.8 shows the rout-
ing lines of an LHCD prototype detector manufac-
tured by Hamamatsu Photonics.



Figure 7.8: Schematic of the double-metal routing
scheme of the 1997 prototypes detectors. The up-
per detector has ¢-measuring strips and the lower
has r-measuring strips.

7.5.3 Radiation resistance

The particle flux in the region of the Vertex De-
tector varies rapidly as a function of the radial dis-
tance from the beam, and after a few months of
operation part of the detector will have undergone
type-inversion. The response of this detector de-
sign, as a function of fluence, has been modelled
using parameterisations from the ROSE (RD48)
collaboration [9]. Figure 7.9 shows the expected
full-depletion voltage, current and charge collected
in 25 ns as a function of the particle fluence, the
temperature and the radial distance from the beam
line. An initial resistivity of 480 Ohm cm is as-
sumed to move the inversion point of the silicon
to higher fluences®. This results in a full-depletion
voltage for the detector of about 150V before irra-
diation. An exposure time of 8 months is assumed
to acquire the total dose. Throughout this time the

2Not all detectors exhibit this same inversion point de-
pendence as a function of the resistivity.

cvoAarioly (. VERIEN DE1EOCTUORY

o
O,y (1em) 110" em?]
* 0 A2 m4 %8

15000+ T

10000

it

ey (R)= O,y (1cm) /R

@ T, (R)=3(R-1)+5
T 0 5°C 7.5°C 10°C 15°C  20°C
Q} 10 55 0 5 10 15 20 25 2 3 4 5 6
0
T 1°C1 R [cem ]
d =150 um

Figure 7.9: The expected total-depletion voltage,
current and charge collected in 25 ns as a function
of the particle fluence (®), temperature (T') and ra-
dius (R) to the beam line of 150pum thick detectors.
For the current and charge collection curves an op-
erating voltage of 200 V has been assumed. The
quantities shown as a function of the temperature
are given at R=1 cm.

temperature is kept constant.

The above parameterisations have been com-
pared with detectors built by Hamamatsu Photon-
ics for the ATLAS experiment. A major difference
is that the LHCb detectors are equipped with a
double metal readout layer and are 150pum thick
compared to 300um as in the ATLAS design. The
ATLAS detectors were exposed to 2x10'* charged
hadrons/cm? at —10° C and their properties stud-
ied after exposure as a function of time at 20° C.
The model proposed by the ROSE collaboration
agrees with the experimental results as obtained
from the ATLAS detectors [10] on the essential
properties, such as total leakage current and the
charge collection efficiency.

The radiation-induced currents in the detectors
show time-dependent effects which vary as a func-
tion of the temperature of the silicon. Beneficial
(short term) annealing occurs at room tempera-
tures as does a longer term “reverse annealing”
which manifests itself as an increase in the full
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Figure 7.10: Schematic of a silicon module. Two
silicon detectors(1l) are separated by a thermal

spine(2). There is a separate hybrid(5) for each
silicon detector. Inserts (3), (4) and (6) provide
thermal insulation between the electronics and the
detector.

depletion voltage. The most promising operating
temperature appears to be about 5° C for the case
of detectors which are replaced every year. For de-
tectors which must operate for several years a lower
operating temperature is preferable.

Following irradiation, the charge collection effi-
ciency decreases due to trapping in the bulk; the
capacitance of the strips and pickup lines will also
change. Assuming that a perfect 150um thick
detector produces a signal of about 12500 elec-
trons/MIP which is sampled over 25ns the per-
formance after irradiation can be estimated. Al-
though it is difficult to predict, and is one of the
key measurements to be made on the prototype de-
tectors, it is expected that such a detector operated
at full depletion will give a signal larger than 11000
electrons for after exposure to a fluence of 2x 10
neutrons/cm?.

7.5.4 Module design and cooling

Figure 7.10 shows the concept of a basic detec-
tor module. It consists of one r-measuring and

Figure 7.11: Thermal model of an LHCb module
assuming uniform power dissipation in the silicon.

one ¢-measuring sector, two hybrids carrying the
front-end electronics, inserts to thermally insulate
the heat-load of the front-end chips and to provide
electrical screening from the silicon detector, and a
heat-conducting spine to ensure a well-defined tem-
perature at the inner edge of the detector. The
thickness of one station, including the 0.1 mm Al
RF-shields, amounts to 0.7% of a radiation length
in the sensitive area of the detector.

Power dissipation in the silicon bulk heats the
detector causing a local increase of the operating
temperature which will then result in larger cur-
rents and full-depletion voltages as is shown in
Fig. 7.9. This could cause thermal runaway and
a cooling system is required to maintain a con-
stant temperature, especially at the smallest radii.
Figure 7.11 shows a thermal map of the module
with the cooling system operating at —10°C; 3 W
for the front-end electronics and a uniform power
dissipation over the module of 100pW/mm? is as-
sumed. Figure 7.12 shows the temperature at the
tip of a module as a function of the power den-
sity. The model is time dependent and starts with
the silicon at —10° C. It shows the temperature
at the tip of the detector after uniform irradiation
of 5 x 10™ charged hadrons/cm?. The wake-field
suppressors will ensure that the RF-shields do not
heat up, so heat transfer from the shields to the de-
tectors has not been considered in the model. For
high power dissipation the temperature rises catas-
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Figure 7.12: Operating temperature at the detector
tip as a function of the power dissipation density.

trophically, and the onset of thermal runaway is
at about 300uW/mm?. In reality the irradiation
will fall with the square of the radius. A maximum
power density of 150uW/mm? will be obtained at
the tip, falling rapidly with increasing radius. The
modelling shows that the detectors can be safely
operated well below thermal runaway.

7.6 Front-end electronics

7.6.1 Introduction

The detector signals from minimum ionising par-
ticles are about 12500 electrons. Analogue, rather
than binary, readout has been chosen since it al-
lows for a better monitoring and control of the
radiation damage in the detector. Furthermore it
provides better precision of the reconstructed hits
and better discrimination between hits and clus-
ters due to electronic noise [11]. It is also more ro-
bust against possible common baseline shifts. The
general layout of the readout scheme is shown in
Fig. 7.13. The 222000 pre-amplified detector sig-
nals are stored in an analogue buffer for the period
pending the Level-0 decision. Following a Level-0
Accept, 32 channels are multiplexed on one ana-
logue readout line, and driven over about 10m to
a FADC. Where possible the electronics is moved
away from the detector to a radiation environment
allowing standard components, but close enough
to avoid the use of expensive optical-electronic ana-
logue data transmission [12]. Following digitisation
the information is split into two paths. In the first
path, the data are pre-processed and sent to the
Level-1 processor. In the second path the data are
stored in the Level-1 buffer and sent, at Level-1
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Figure 7.13: Overview of the readout scheme for
the Vertex Detector.

Accept, to be processed using a more sophisticated
zero-suppression algorithm.

7.6.2 On-detector electronics

After radiation damage a signal-to-noise (S/N) ra-
tio better than eight is required to maintain a high
efficiency with a tolerable level of clusters due to
electronics noise [11]. The on-detector electron-
ics are situated at about 7 cm from the beam-line,
hence the resulting radiation tolerance of the chips
must be better than a few hundred krad if they are
to be replaced at most once per year. The SCT-
A [13] is one chip that is close to meeting these re-
quirements. The S/N performance expected from
this chip, assuming the noise performance of the
1996 prototype (ENC=720+33/pF), as a function
of the 1 MeV/c neutron equivalent flux in the de-
tector, is shown in Fig. 7.14.
However, the requirements imposed by the Level-

0 trigger rate mean that the SCT128A would need
the following modifications [14]:

e The present length of the Level-O pipeline
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Figure 7.14: Expected S/N as a function of the
1 MeV /c neutron equivalent flux in the detector for
a front-end chip with noise ENC=720+33/pF for
the strip at 7=1 cm (full line) and r=6 cm (dashed
line). The dotted curve is for a detector at r=1 cm
with twice the leakage current of that described by
the full line.

is 118 and another 8 for the derandomiser
FIFO. To increase the pipeline length to 128,
plus 16 (instead of 8) for the derandomiser
FIFO, requires a major modification of the
pipeline control logic.

e Toread 32 multiplexed channels using only 40
clock cycles needs a re-design of the readout
logic. The existing design uses 26 clocks for
internal sampling, leaving only 14 clock cycles
for the readout.

e In the 128-channel version of the chip the
area occupied by the pipeline control logic is
roughly the same as the area of the pipeline
itself. A 32-channel version of the chip would
be dominated by the control logic, hence a
128-channel version seems preferable, sharing
the control logic between four multiplexers.

Furthermore, only every third position in the pipeline
can be read out consecutively, leading to a 5% dead-
time.

Given the number of modifications needed that
are specific to the LHCD trigger scheme, it appears
necessary to design a new front-end chip specifically
for LHCb. One possibility is to port the experi-
ence from the AMS/HELIX-chip [15], developed for

HERA-B, to a DMILL version that satisfies LHCb
requirements. This development could be under-
taken together with that proposed (Section 8.2.1)
for the readout of the MSGC detectors for the Inner
Tracker.

The current design of the HELIX chip is not ra-
diation hard (beyond 100 krad) and allows writing
to the pipeline at the HERA bunch-crossing rate of
10 MHz. The maximum latency of the pipeline is
128 write-clock cycles and the derandomising buffer
has a depth of 8. The major modifications to the
HELIX design would thus affect the front-end and
the multi-event buffer. To set up the readout of a
specific pipeline cell an overhead of five write cycles
is required and a 40 MHz readout of 32 multiplexed
channels in 1 us should be feasible without major
redesign of the existing layout. The HELIX design
allows consecutive readout of adjacent pipeline cells
without deadtime loss. In addition it can supply
the fast trigger output, which is required for the
vertex pile-up trigger.

7.6.3 Off-detector electronics

With a multiplexing ratio of 32 the total num-
ber of analogue channels requiring digitisation is
6936. Figure 7.13 shows a possible solution using
two modules. In the first, the data are digitised
and stored in the Level-1 buffer. This module also
performs the cluster preprocessing for the Level-1
trigger and executes the following steps.

e Pedestal subtraction: pedestals might depend
upon the pipeline location and channel.

e Common baseline shift correction: due to the
high voltages, micro-discharges might produce
pick-up on the detector backplane.

e Cluster search: Clusters are found and en-
coded into addresses.

One detector sector contains 32x68 channels, hence
a natural unit would pack 68 FADCs with corre-
sponding Level-1 buffers and cluster finding hard-
ware on one board, resulting in 102 boards. After
a Level-1 Accept, the data are processed by DSP’s.
The output provides zero-suppressed data as well
as pedestal and threshold information for the fast
cluster search used in the Level-2 trigger. Assum-
ing a conservative factor five in the optimisation
of the DELPHI [8] algorithm and using 1000 MIP
DSP’s would require 816 DSP’s, each DSP process-
ing 272 channels. Given the high trigger rate of
LHCb compared to DELPHI, it will not be neces-
sary to update the channel-dependent information



Table 7.2: Precision of r-clusters as a function of
the strip pitch and the number of channels in the
cluster. The fraction of clusters with 1, 2 or more
channels per cluster is listed for each pitch.

Pitch Channels/clusters
1 2 >3
o % o % o %
Opm || Qum | 56 | 6pm | 33 | 20um | 11
60pm || 13pum | 51 | 10pm | 37 | 30 pum | 12
80pm || 18 um | 49 | 10pm | 39 | 40pm | 12

for every event, thus considerably reducing the pro-
cessing time required to do the cluster search.

7.7 Performance

The Vertex Detector simulation is described in
Ref. [16]. In the present version of the programme,
charge is distributed in the detector according to
the fraction of the path length in the silicon covered
by that strip. Diffusion of the charge is not taken
into account. Simulations show [11] that, with
proper charge diffusion, the reconstructed cluster
position will improve. The charge in a given chan-
nel is smeared by the expected electronic noise and
hits are required to exceed three times the standard
deviation of the noise.

Table 7.2 summarises the precision obtained for
reconstructed clusters in the r-measuring detectors.
No attempt has been made to decompose the clus-
ters with three or more channels into the contribu-
tions from overlapping tracks, nuclear interactions,
etc. The error for these clusters has been inflated
to reduce their weight in the track fit.

The most probable number of stations traversed
by tracks originating from BY — 77 decays is five.
5.5% (2.7%) of these pions traverse less than three
(two) stations. The precision in the rz-projected
impact parameter of the decay pions is shown in
Fig. 7.15 as a function of their momentum.

High radiation levels cause a decrease in the
S/N ratio, as shown in Fig. 7.14. The online cluster-
finding algorithm can either be adapted to keep a
constant fraction of noise clusters, at the expense
of a loss in efficiency, or by minimising the loss in
efficiency, with a consequent increase in the number
of noise clusters. The effect of this increase in noise
on the Level-1 trigger is discussed in Section 12.4.1.

As an example, the efficiency in reconstructing
the decay BY — m7 has been studied [17]. The re-
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Figure 7.15: The resolution of the rz-projected im-
pact parameter of tracks as a function of their mo-
mentum. The impact parameter is calculated rel-
ative to the true position of the primary vertex of
origin.

sults are summarised here for three different dose
scenarios in terms of performance relative to the
result obtained from a non-irradiated detector. Im-
posing a conservative requirement, that the number
of noise clusters should be kept below 0.1%, reduces
the cluster-finding efficiency to 92%, 61% and 0%.
The S/N values at r=1 cm are 10, 8 and 5 respec-
tively and correspond to 1 MeV/c neutron equiv-
alent fluences of 5, 8 and more than 10x10**/cm?
(corresponding to 4, 6 and more than 8 years run-
ning at the nominal LHCb luminosity). For a flu-
ence of 10x10'/cm? the efficiency at r=2 cm is
92%.

The vertex of B} — 77 events is reconstructed
requiring the two pions to have a distance of clos-
est approach smaller than 100 gm. The number
of events passing this cut, for the three scenarios
is 100%, 99% and 93% respectively, compared to
the result obtained with no irradiation. The cor-
responding vertex error increases by 2%, 10% and
60%.

7.8 Future R&D

R&D for the vertex detector is foreseen in the fol-
lowing areas:

e Silicon detectors. Prototype detectors (see
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ponents prepared. A prototype chain will be
made in 1999-2000. It will operate at LHCb
speed from the detector to the Level-1 buffer.
A review of the overall readout chain is fore-
seen in 2001, and production will start in
2002.

e Mechanics. Detailed design and simulation
of the modules and their heat load will con-
tinue during 1998. Small scale prototypes to
study cooling and vacuum feed-throughs will
be produced by middle of 1999. The design
of modules, vacuum tank and cooling will be
completed by 2000.
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Chapter 8 Main Tracking Detectors

8.1 Introduction

The principal task of the tracking system is to
provide efficient reconstruction of charged-particle
tracks and precise measurements of their momenta.
It also has to provide measurements of track direc-
tions in both z and y projections for the recon-
struction of Cherenkov rings in the RICH detec-
tors. Finally, tracking hits are used in the Level-1
and Level-2 triggers.

The main tracking system comprises eleven
tracking stations, situated between the Vertex De-
tector vessel and the calorimeters. These are shown
as T1—T11in Fig. 2.5. The geometry of the detec-
tors and the choice of technologies are motivated by
the requirement of low occupancies. The required
spatial resolution is then easily satisfied. Most of
the detector acceptance is subject to a particle den-
sity which is low enough to use drift chambers with
small cells. This Outer Tracking System consists of
straw-tube-like chambers. The Inner Tracking Sys-
tem covers (in most stations) an area of 60x40 cm?
around the beam pipe, where a much finer granu-
larity is necessary. For this inner region several
alternative technologies are under study.

The tracking system provides precise particle
trajectories in the bending plane of the spectrom-
eter using near-vertical wires and strips. Three
dimensional track reconstruction is achieved using
small stereo angles of +£5°. The stations situated
up- and downstream of the RICH detectors are
equipped with additional planes which provide pre-
cise measurements in the non-bending projection.
These allow precise measurements of the track di-
rection in both projections.

A track reconstruction program [1] has been
developed, based on the technique of Kalman fil-
ters. For most tracks, the reconstruction is started
by following tracks in the upstream direction. A
track seed is found in station T10, which defines a
search window in the next station, T9. The track
is then followed, station by station into the Ver-
tex Detector. In each station, the newly associ-
ated hits are used to update the track parameters.
Using seeds found in the Vertex Detector, a sec-
ond pass, in the downstream direction, reconstructs
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those tracks which leave the acceptance of the spec-
trometer before they reach station T10 and extrap-
olates the remaining tracks through T11 and into
the muon detectors.

The track reconstruction program is used to de-
sign the layout of the tracking system and to opti-
mize its performance. Details are given in Ref. [1].
Stations T10 to T7 are used for track finding. In
this region, there is almost no magnetic bending
and redundancy is high, since the distance between
the stations is small. The momentum measurement
of the particles is provided principally using sta-
tions T6 to T3. The precision is dominated by mul-
tiple scattering, so the number of stations in this
region is minimized. This also reduces the num-
ber of photon conversions. The distance between
two stations is chosen so that less than 10% of the
search windows contain a second track.

Chambers in the high magnetic field, close to
the centre of the magnet, have a higher occupancy
due to curling low-energy tracks. Access for cables
and services is also limited in this region. Hence,
the number of stations inside the magnet is kept as
low as possible.

The stations T2 and T1 do not contribute sig-
nificantly to the momentum measurement. They
are required to link the tracks from the main track-
ing system to the track segments in the Vertex De-
tector. These stations are crucial for track follow-
ing in the downstream direction, where the track
segments found in the Vertex Detector are extrap-
olated through the magnet.

The Monte Carlo simulations of occupancies
and the radiation levels presented in this chap-
ter are based on the nominal LHCb luminosity
of £L=2x10%2 cm™2 s~', which corresponds to
an average of approximately one interaction ev-
ery four bunch crossings. The LHCb experiment
has to deal with particle densities which are sim-
ilar to those experienced at HERA-B. The track-
ing detectors proposed for LHCb have a layout and
employ technologies which are similar to those in
HERA-B. The consequences related to short-term
operation with higher luminosities (a maximum of
L = 5x10% cm~? s7! is considered) differ for the



Table 8.1: Dimensions of the active area in the
Inner Tracking System.

Station 4 G)min Ly Ymin Tmax Ymax
cm | mrad cm cm cm
T1 100 50 5.0 35 35

T2 229 16
T3 321 14
T4 416 12
T5 956 12
T6 691 12
T7 781 12
T8 831 12
T9 881 11
T10 928 11
T11 1174 11

3.6 30 30
4.5 30 20
3.5 30 20
6.9 30 20
8.2 30 20
9.1 30 20
9.6 30 20
10.1 30 20
10.5 30 30
13.0 30 30

different detector technologies and are referred to
in the following sections.

8.2 Inner tracking detectors

The Inner Tracking system covers the region
around the beam pipe, where the particle flux is too
high for conventional drift chambers. The positions
and dimensions of the stations are summarized in
Table 8.1. The outer boundaries are defined by the
occupancy requirement in the outer tracker cells.
Since the particle flux at a given distance from
the beam varies only slowly with z, this bound-
ary (60x40 cm?) is the same in most stations. The
stations immediately up- and downstream of the
RICH counters include horizontal wires (or strips).
To reduce the occupancy in the horizontal wires of
the outer tracker, the inner tracker has dimensions
60x60 cm? in these stations. The inner boundaries
are defined by the conical beam-pipe.

Station T1 is special. The outer tracker would
only cover a small region, which makes it more eco-
nomical to construct T1 entirely using the inner
detector technology. This station is situated close
to the last disc of the Vertex Detector and does not
have to cover the region close to the beam-pipe.

Several detector technologies meet the require-
ments of the inner tracker. Three options are de-
cribed here. The MSGC/GEM detector has been
chosen as the basis for cost estimates, although fur-
ther R&D is required. The well-proven fall-back
solution, silicon strip detectors, is estimated to be
significantly more expensive. To reduce costs even
further, a new type type of detector, the MCSC,
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is currently being investigated. The process and
time schedule for making the technology choice is
described at the end of the section.

8.2.1 MSGC/GEM detectors

The proposed microstrip gas chamber (MSGC) in-
ner detector is based on the development and test
of similar detectors for HERA-B. Particle rates and
radiation doses expected at LHCb are about the
same as those in HERA-B, which therefore pro-
vides an ideal test of the technology. There are
some differences however. The bunch-crossing fre-
quency at LHC is four times higher than at HERA.
This requires a faster shaping of the signals, and
different detector dimensions to limit the maximum
drift times. In addition, the maximum Level-0 trig-
ger rate is ten times higher at LHCb with corre-
sponding requirements for the readout system. The
detector for LHCb, described below, is based on
presently available and tested technology with only
minor (‘safe’) changes compared to the HERA-B
detectors. Directions for further improvements are
discussed below.

Severe aging and operation problems with
MSGC detectors have been reported. The intro-
duction of conductive ‘diamond’-coating of the sub-
strates, in combination with the use of appropri-
ate materials and gases, has solved the aging prob-
lems and has led to detectors with good spatial
homogeneity, good high-rate behaviour and a re-
markable robustness of operation even in the pres-
ence of defects in the electrode or surface structure.
A major problem was, however, the observation
that MSGC’s show gas discharges when operated at
‘useful’ gains of ~ 3000 in intense hadron beams.
These discharges gradually destroy the electrode
structures. The problem has been solved by the in-
troduction of an additional amplification stage us-
ing a gaseous electron amplification (GEM) foil [2]
on top of the MSGC. With a typical gain of 20 at
the GEM, the gas amplification of the MSGC can
be reduced below 200. The HERA-B inner tracker
has shown that MSGC/GEM detectors, operated
with Ar:DME 50:50, have excellent high-rate prop-
erties, show no gas discharges in intense hadron
beams, and no aging up to integrated doses of at
least 8 mC/cm strip length (equivalent to more
than three years of LHCb operation at nominal lu-
minosity). Similar results have been obtained by
a CERN group using an Ar:CO, mixture [3]. Fur-
ther tests at higher integrated doses are underway.
It has also been shown that the detectors can be
operated in a magnetic field (0.85 T) without loss of
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Figure 8.1: Schematic cross section through a
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Figure 8.2: Front view of one inner tracking layer
consisting of four overlapping detectors. Dimen-
sions are mm.

efficiency and resolution. The LHCD dipole magnet
produces 1.1 T, so these results require confirma-
tion at the higher field.

Detector configuration

A cross section through a typical detector is shown
in Fig. 8.1. It has dimensions of ~ 28 x 25 cm?
with a corner removed to accommodate the beam
pipe. One layer is made of four overlapping de-
tectors, having the same strip orientation, covering
the sensitive region around the beam pipe. A view
of the detector geometry for one layer is shown in
Fig. 8.2.

The MSGC electrode structure for one cham-
ber is manufactured on a single AF45 glass sub-
strate with a conductive ‘diamond’ coating (~

ol

105§ /square). The electrodes consist of gold (500
nm thick) with a pitch of 220 pum, an anode width
of 10 pum separated from the cathode by a gap of
60 um. The technology required to produce MSGC
plates of this dimension has been established by
the HERA-B production process'. The GEM foil
is kapton, 50 pum thick, and coated with 2 x 5um
of copper. It has 60 pum holes, staggered with a
pitch of 140 ym. These GEM foils are produced in
the CERN workshop with good yield and quality.
They allow safe operation at high rates up to gains
of about 50 (operation at a gain of about 25 is pre-
ferred). GEM’s coated with a diamond layer show
good stability and a much improved spatial homo-
geneity of the gain. The chamber construction is
based on two hollow G10 frames, 8 mm wide and
2.0 mm high, which define the gas volume above
and below the GEM foil. This frame is also used
for the gas distribution in the detector. The cham-
ber is closed by the drift electrode consisting of an
aluminium-coated kapton foil (100 pm thick). The
detector components are glued together using UHV
epoxy glue. This chamber construction is presently
used for HERA-B except that the gap heights are
3.0 mm for HERA-B instead of 2.0 mm.

The effective detector thickness in the sensitive
area, including support structures, is 0.55% Xj.
The frame, which is 8 mm wide and covers 11%
of the area, has a thickness of 1.0% X . The sensi-
tive area starts at least 16 mm from the beam-pipe.
The MSGC inner tracking system has a total of ten
stations (if T1 is assumed to use silicon detectors),
each with four detector layers having vertical and
near-vertical strip orientations (90°,95°,85°,90°).
Including the horizontal-strip layers in T2, T10 and
T11, this results in a total of 43 layers and 172
MSGC/GEM detectors each with 1280 strips. The
total sensitive area covered is 13.5 m?, equipped
with 221000 readout channels. This is similar to
HERA-B where an area of 10.1 m? is read out by
140000 strips.

Operation characteristics

The gas gain achieved in an Ar:DME 50:50 mix-
ture is shown as a function of cathode voltage in
Fig. 8.3 for different GEM voltages. The dramatic
reduction of cathode voltage which can be achieved
for the same gas gain using the GEM technology is
clearly visible.

ISubstrates of the necessary size (up to 30 x 30 cm?) are
produced commercially. Diamond coating is presently pro-
duced by the Fraunhoferistitut for Surface engineering and
thin films, Braunschweig, Germany. Electrode structures
are produced by IMT, Greifensee, Switzerland.
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Figure 8.3: Gas gain for a MSGC/GEM detector
with Ar-DME 50:50 mixture.

This gas mixture provides high primary ioniza-
tion, reliable operation and good aging properties.
It has been extensively tested and will be used for
HERA-B. The chamber operates with a drift field
of about 7.5 kV/cm resulting in a drift velocity of
52pm/ns and a maximum drift time < 40 ns. For
operation in the magnet (1.1 T) the Lorentz an-
gle at 7.5 kV/cm is about 9°, the expected strip
multiplicity is 1.55 and the precision < 65 um.

The mean primary ionization of 15 e, a gas
gain of 4000 and an effective integration time of 25
ns ( 50 ns pulse duration) lead to a mean detected
signal of 22000 e~ /MIP. This is adequate for a good
signal-to-noise ratio and an efficiency > 95% (as-
suming noise of < 1400 e~). The high gain which
can be guaranteed by the MSGC/GEM technology
is crucial. They show however a rate dependence
of the gain due to charge-up and polarization ef-
fects which also lead to local inhomogeneities in
the gas gain. Recently GEM’s have been tested for
HERA-B, where the GEM’s are coated with a dia-
mond layer. These show very good stability of gain
and the homogeneity of the gain over the detec-
tor area is about 10% for diamond-coated GEM’s,
compared with 30% for the uncoated GEM’s.

The expected maximum and average occupan-
cies for the proposed LHCb detector layout are
shown in Fig. 8.4. The occupancy never exceeds
4%. Correspondingly the maximum integrated
charge per cm of strip-length is < 2.5 mC/cm per
year at nominal luminosity. It is assumed that
strips which fire in one bunch crossing are disre-
garded in the next bunch crossing. Pile-up will not,
therefore, increase the occupancy but will decrease
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Figure 8.4: Particle density per cm? for one inter-
action multiplied by 72 [cm?] in each station (left).
Maximum and mean occupancy in each station at
nominal luminosity (right).

the efficiency. These operating conditions provide
adequate performance at the nominal LHCb lumi-
nosity. Faster gases with high primary ionisation
are clearly desirable for high luminosity running
and will form part of the LHCb-specific R&D pro-
gramme.

Read-out electronics

The readout of the inner tracker has to provide the
following:

e Fast shaping of signals to cope with the 25 ns
bunch-crossing rate;

e Deadtimeless storage (or readout) of the strip
information at the maximum Level-0 trigger
rate of 1 MHz;

e Fast trigger signals for the Level-1 tracking
triggers, for all events accepted by Level-0.

None of the readout chips developed for HERA-B
or LHC is able to satisfy all requirements. The
readout chip development for MSGC/GEM detec-
tors could however benefit from the experience and
partly from the design and layout of the HELIX128
chip developed at Heidelberg for the HERA-B strip
detectors. The following developments are neces-
sary:

e A new input stage with faster shaping;

¢ Radiation hard technology. The transfer to
DMILL is already planned by HERA-B.

e A new data storage and readout scheme.
Analogue data is stored in the Level-0
pipeline (see Fig. 8.5). Following the Level-
0 trigger, two possible readout schemes are
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Figure 8.5: Schematic of the MSGC readout sys-
tem.

considered, both requiring a substantial R&D
effort.

— Multiplexing of 32 channels and ana-
logue readout at 40 MHz, followed by
analogue deconvolution and digitization
in the link receiver.

— Digitization and read out with 3 bits per
bunch crossing, using a GHz link for ev-
ery 256 channels.

In both schemes the Level-1 trigger signals
are derived from the Level-0 data buffers.

Supports and infrastructure

Detailed solutions for the chamber mechanics, ca-
bling, gas and HV supplies have been worked out
for HERA-B and can be used with minor modifi-
cations for LHCb. Each station is rigidly fixed and
aligned to the outer tracking detectors.

Future R&D

The detector development and testing of the base-
line MSGC/GEM solution will be done within the
HERA-B project. In 1998 a fully equipped station
will be operated in HERA-B. Mass production of
detectors also starts early in 1998. This important
field test will allow a realistic evaluation of the de-
tector technology and performance by the end of
this year.

LHCb-specific developments towards improved
detector technology include:

e Optimization of the GEM technology.

e Investigation of faster gas mixtures with high
primary ionization.

e Reduction of material, for example, through
the development of 2-dimensional readout.

e Testing of advanced GEM technologies which
might avoid the use of MSGC plates alto-
gether.

8.2.2 Silicon Micro Strips

Silicon-strip detectors are well-proven and consid-
ered as a fall-back solution. They offer the follow-
ing advantages:

e The occupancy is less than 2.5% per channel
with a readout pitch of 250 pm.

e The resolution (< 100 ym) is more than suf-
ficient.

e Silicon detectors can sustain high doses of ra-
diation.

e No gases are involved.

The main argument against the choice of Si-strip
detectors is the cost. However, if the number of
readout channels is reduced, by using a large strip
size or by combining strips, the cost can be com-
parable to that of other technologies.

Detector layout

Single-sided Si-detectors, similar to those used in
the Vertex Detector are proposed. The advantages
over double-sided detectors are:

e Simplicity of design, with readout only on one
side of the detector.

e Single-sided p-on-n detectors remain opera-
tional after sustaining significant radiation
doses.[4]

The disadvantage is that the detector will be
thicker overall.

Four layers per station are proposed: Y, U, V,
and Y, with strip orientation 90°, 85°, 95°, 90°.
All layers are identical and orientation is provided
by rotating the whole layer. Overlap is provided by
shifting layers slightly with respect to each other.
The stations nearest the RICH detectors need a
fifth layer in the X direction (0°).

Each layer is formed from ladders of daisy-
chained Si-detector modules. A layer of 60 x40 cm?
is built up of 12 short modules, (6 x 7.5 cm? of
silicon) and 22 long ladders of two modules each,
shown in Fig. 8.6. The hole for the beam pipe varies
in size according to the location of the station. The
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Figure 8.7: One ladder mounted on a carbon-fibre
support.

smallest size is Timin = Ymin = 3.6 cm. The layout
of the ladders will differ from station to station, re-
quiring a specific support structure for each station.
The ladders themselves, however, are identical for
all stations. They are mounted as “roof tiles”, in
order to avoid dead space.

Detector design

The proposed Si-strip detectors are 300 um thick,
with a strip pitch of 125 um. Single-sided readout
of every second strip is foreseen, so that the read-
out pitch is 250 pm. The Si-modules will be glued
onto carbon fibre supports and the strips bonded
together in ladders as shown in Fig. 8.7. The read-
out chips are mounted on hybrids and glued onto
the carbon-fibre support. They are bonded to the
strips via pitch adaptors.
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A stainless steel pipe with 2 mm diameter and
40 pm wall thickness is glued to the back of the as-
sembly. Liquid at a temperature close to 0°C flows
through this pipe and removes heat from the read-
out chips. It also helps to protect the Si-detectors
from radiation damage. LHCb participates in a
common evaluation of cooling techniques for LHC
silicon detectors.

The amount of material a particle sees when it
traverses a ladder corresponds to 0.51% Xg. Most
of this (0.28% Xjy) is due to the silicon. At the
location of the cooling pipe, the material amounts
to 1% Xo. To avoid “hot spots”, the four layers
which make up one station have their cooling pipes
staggered. The overall material budget per station
amounts to 2% Xg on average.

Readout electronics

The readout electronics system used for the Vertex
Detector will satisfy the requirements for the sil-
icon detectors proposed here. At a readout pitch
of 250 pm, there will be 240 channels/module (2
readout chips), 34 modules/layer (= 8160 chan-
nels/layer) resulting in ~ 32640 channels/station.
Equipping all inner tracking stations with Si-
detectors implies a total of about 350000 channels.

Signal to Noise ratio

The electronics noise in a silicon detector sys-
tem depends on the properties of the pre-
amplifier /shaper and of the silicon detector itself.
Series noise is mainly determined by the capacity
of the strip. The maximum strip length in the pro-
posed detectors is 14 cm, corresponding to a capac-
ity of 26 pF.

The noise is estimated for an amplifier-
comparator chip with a rise time of 30 ns as
used in Ref. [5]. The noise, expressed in elec-
trons (ENC), as a function of the input capacitance
parametrised [6] as

ENC = (730 + 31.5/pF x C), (8.1)

yields ENC ~ 1500 electrons.

The MIP signal in a 300 pm thick silicon de-
tector is about 25000 electrons, which implies a
signal-to-noise ratio of 16 : 1. However, approxi-
mately 30% of the signal is lost to the capacitively
coupled non-readout strip, which reduces the ratio
to about 11:1. This is sufficient for good tracking.
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Radiation hardness

The minimum inner radius of the Si-strip detectors
in the Inner Tracker is 3.6 cm. At this radius, par-
ticle fluxes are about ten times lower than at the
inner edge of the Vertex Detector, and decrease
rapidly with distance from the beam. Since the
high radiation dose is localised, the ladders could
be recycled within one layer, i.e. by exchanging
modules closest to the beam with those further
away. We are confident that an inner tracking de-
tector based on silicon microstrips can work. An
R&D programme, together with the Vertex Detec-
tor group, will be carried out to determine an op-
timal solution taking into account physics perfor-
mance, technology, cost, and the possible replace-
ment and/or recycling of parts of the inner tracker
after a few years of operation.

Future R&D

A prototype ladder will be produced, in order to
test the mechanical aspects, the cooling aspects
and the radiation hardness. Ideally, the prototype
should be tested in an LHCb-like environment, e.g.
near the HERA-B beam pipe. This development
programme will be coordinated with that required
for the silicon Vertex Detector modules.

8.2.3 Micro Cathode Strip Cham-
bers

Micro Cathode Strip Chambers (MCSC’s) measure
analogue signals induced on narrow cathode strips,
orthogonal to and separated by 0.6 mm from the
anode wires. The geometry of the proposed de-
vice is shown in Fig. 8.8 and described in detail in
Ref. [7]. The inner tracking stations are divided
into several such MCSC modules.

Gas Outlet

Cathode A }0de wires

coated by

Cr 100 nm
Cu 800 nm
Ni 100 nm

100 mm 4mm |

Il
96 Read-out Strips Cathode Anode wires

Gas Inlet

Figure 8.8: Schematic of the MCSC chamber.

Precise coordinate measurement in a high par-
ticle flux requires a fast, low-noise front-end pream-
plifier/shaper. ~ Prototype detectors have been
tested in beams at CERN and with X-ray sources.
The results [7] demonstrate that MCSC’s can meet
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the basic requirements for the inner tracker. A de-
tailed simulation of the MCSC chamber, which in-
cludes the gas processes, noise and electronics re-
sponse has shown good agreement [8] with the re-
sults obtained in the tests. An output signal with a
peaking time of 20 ns and a full width of less than
50 ns was observed. The ADC must measure the
collected charge with 8-bit precision. The design of
the readout system [9] requires R&D effort to meet
the requirements that are specific to LHCDb.

An attractive feature of the MCSC option for
the LHCb inner tracking system is that it could
cover the area with less than half the number of
readout channels, compared to the other options,
however at the cost of higher occupancy.

8.2.4 Inner Tracker technology deci-
sion

All three inner tracking options have been imple-
mented into the Monte Carlo simulation, which in-
cludes the appropriate material thickness, intrinsic
spatial precision and occupancies. The results con-
firm that the measurement of the relevant physics
parameters does not depend significantly on the
choice of the technology.

The most important criteria for the choice will
be reliability and cost. For each of the options, a
programme of investigations will be defined with
milestones. This programme will include studies
of detector technologies, their implementation in
the experiment, and also the readout electronics;
in particular the development of chips compatible
with LHCD requirements.

The inner tracker is a relatively small system
which can be built and installed in less than two
years. However, the time required to develop read-
out chips is much longer. The time scale for the
inner tracker decision will need to be coordinated
with the overall management of the front-end elec-
tronics.

In the cost estimate of the detector, silicon mi-
crostrip detectors have therefore been assumed for
station T1, and MSGC’s for the remainder. The
particle flux is particularly high in the innermost
part of the tracker in the stations situated in the
magnet (see Fig. 8.4). Inner tracker stations of hy-
brid technology, i.e. MSGC’s or MCSC’s with a
10x 10 cm? silicon insert around the beam pipe are
also considered for this region.
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(a) Vertical Wires (b) Stereo Wires
Figure 8.9: Modularity of detector planes. Module
types I and II have 5 mm cells. Type III has 8 mm
wide cells and is used in stations T7 — T11.

8.3 Outer tracking detector

8.3.1 Detector geometry

The outer detector consists of drift cells with straw-
tube geometry. The configuration of each tracking
station is summarized in Table 8.2. Since the em-
phasis is on tracking precision in the (z, z) bending
plane, electron drift in most of the detector planes
is in or near the z-direction. Stations T2 — T10
contain two planes with vertical sense wires, and
two planes where the wire directions are tilted by
+5° and —5° from the vertical (U and V in Ta-
ble 8.2). In stations adjacent to a RICH detector,
two additional planes with horizontal sense wires
provide track directions with similar precision in
the z- and y-projections. In station T11, just down-
stream of RICH 2, the +5° stereo views have been
omitted. They are not needed here because approx-
imate space points provided by the nearby muon
pad-chamber resolves stereo ambiguities.

Each plane listed in the table contains two stag-
gered layers of drift cells. A “standard” station (T3
— T9) contains 4 x 2 = 8 cell layers in total. Fig-
ure 8.9 shows the schematic layout of a plane with
(a) vertical or (b) stereo wires. A plane is assem-
bled from modules with widths of 48 (type I), 64
(type II) or 32 (type III) cells per layer. Types
I and II have 5 mm diameter cells, type III has
8 mm cells. Although a module of type II or III
spans the full vertical extension of a station, the
sense wires are split at y = 0. Thus, front-end
electronics are mounted along the top and bottom
edges of a station. Similarly, planes with horizontal
sense wires carry front-end boards at the left and
right edges. At a large distance from the beampipe,
type III modules are split into two halves, not due
to occupancy considerations but to reduce signal
propagation time along the sense wire.
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To keep the occupancy per cell below 10%,
modules of type I are active only down to |y| = 19
cm, and modules of type II down to |z| = 29 cm.
This leaves a rectangular hole around the beam-
pipe, which is covered by the Inner Tracker. Sim-
ulation studies [10] show that the highest cell oc-
cupancy per interaction is 10%, occurring in the
innermost cells of stations T2 and T11. One mod-
ule of type II is necessary on either side of the beam
pipe before switching to a larger cell size (type I11,
starting at |z| = 68 cm).

In addition to occupancy, signal latency is a ma-
jor concern. The delay in signal arrival time at the
preamplifier is the sum of drift time and propa-
gation delay along the sense wire. The maximum
propagation delay varies from about 4 ns in station
T2 to as much as 17 ns in the horizontal wires of
T11. For fast drift, a gas mixture containing CFy is
needed. However, the possibility that detectors in
or near the magnet, in stations T2 — T6, will be op-
erated with a different mixture than stations T7 —
T11 is being investigated. The drift times and tra-
jectories have been studied with a detailed simula-
tion program [11] which faithfully reproduces mea-
surements [12] with honeycomb chambers. Tests of
fast drift gases are in progress. We will also bene-
fit from experience at HERA-B where a CF4-based
mixture is used. Outside the magnetic field, the
drift time in a 5 mm cell can be kept below 20 ns
using CF4:CHy, Ar:CF4:CO;5 or Ar:CF4:CHy mix-
tures. In a field of 1.1 T, the maximum drift time
in such a cell can be kept below 30 ns. However,
the effective drift velocity vq X cosay,, where ay, is
the Lorentz angle, drops quite sharply at larger dis-
tances from the sense wire (the best result obtained
with a 10 mm diameter cell is a maximum drift time
of 85 ns). Therefore, stations T2 — T6 will have 5
mm diameter cells, even though occupancies would
allow a larger cell size. In stations T7 — T11 the
choice of cell size for the type III modules is 8 mm.
With the HERA-B drift gas this will result in col-
lection of all drift signals within 50 ns (two bunch-
crossing intervals). The choice of a CF4-based drift
gas entails some loss in precision due to electron at-
tachment. The single-cell resolution is expected to
be in the range 150—200 pm, which is adequate for
momentum precision (see Section 8.5).

The fact that signal latency extends to two
bunch-crossing intervals instead of one, has im-
portant consequences. The Level-1 track trigger
must always consider two 25 ns time slices of
pipelined data and track reconstruction will in-
clude signal overlap from interactions in consecu-
tive beam crossings. At nominal LHCb luminosity
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Table 8.2: Outer dimensions, arrangement of detection planes and numbers of readout channels for the

Outer Tracking detector stations

active area channels
station | Zmean | Tmax | Ymax planes 5 mm cells | 8 mm cells
(cm) | (ecm) | (cm) | (wire orient.)
2 217 75 B |IXXYUVY 6.0 k
3 330 191 154 YUVY 10.2 k
4 425 191 154 YUVY 10.2 k
5 565 191 154 YUVY 10.2 k
6 700 217 | 179 YUVY 11.6 k
7 790 244 | 202 YUVY 3.6k 6.3 k
8 840 260 | 214 YUVY 3.6k 6.8 k
9 890 275 | 227 YUVY 3.6k 74k
10 940 291 | 240 | YUVYXX 5.4k 11.0k
11 | 1165 360 | 297 YYXX 3.6k 9.3k
68.0 k 40.8 k
there is about a 50 % chance that an accepted event
contains hits from an interaction in either the pre- 1
ceding or the following bunch crossing. N

The overall layout of the LHCb Outer Tracker
is quite similar to that of the HERA-B experiment.
The HERA-B Outer Tracker consists of 13 stations,
at distances from about 2 m to 13 m from the target
region. The largest station has a sensitive surface of
6mx4.5m. Each station consists of the same three
stereo views (0,£5°) as are used in LHCb, but there
are no horizontal wires. The inner hole around the
beampipe is 20cm x20cm, and cell occupancies in
HERA-B can be as high as 20%. However, at the
96 ns bunch interval of the HERA proton beam,
overlap of signals from consecutive bunch crossings
can be avoided.

8.3.2 Detector design

Detector modules will be constructed using a sim-
ilar procedure as for HERA-B. A cell layer is pro-
duced from two preformed conductive foils. In-
stead of the true honeycomb structure employed by
HERA-B, the LHCD design uses two staggered cell
layers in a module. Vacuum forming of the cath-
ode foils is currently being tested. However, should
this prove unsatisfactory, the folding machine used
for the HERA-B production is still available. Fig-
ure 8.10 shows cross sections of modules with 5 and
8 mm wide cells. A module provides its own rigid-
ity, defines its own gas volume and has its own high
voltage and front-end boards. The 5 mm cells have
a circular cross section with two slightly flattened
sides, the 8 mm wide cells are flattened to the same
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Figure 8.10: Details of the end-pieces of module
type I (top). Cross section of the border region
between 5 mm and 8 mm cells (bottom): all di-
mensions are (mm)

depth as the 5 mm cells. The pitches are 5 + 1 =
6 mm and 8 + 1 = 9 mm. A flat conductive foil
separates the two cell layers. This layout offers the
following advantages with respect to a true honey-
comb structure:

e It is easier and cheaper to build;

e There is no need for a hexagonal cell shape,
which suffers from low drift fields near the
sharp corners;

e In the proposed layout the fraction of active
area per cell layer is 5/6 (5 mm cells) or 8/9



(8 mm cells) while it is only 2/3 in a full hon-
eycomb structure.

The choice of foil material is still open. Pro-
totypes have used the same carbon-doped poly-
carbonate (trademark Pokalon) from which the
HERA-B chambers have been built. The HERA-
B chambers successfully withstood extensive ag-
ing tests with X-ray and beta sources, but stabil-
ity problems have been observed in hadron beams.
Independent of whether the problem is associated
to the foil material, the same product will not be
used for the LHCb outer detector, since it is no
longer commercially available. Materials with vol-
ume conductivity (like Pokalon) or the use of a con-
ductive surface layer are both under consideration
for the cathode foil.

It follows from the cell geometry that the av-
erage hit multiplicity per track in a module is 5/3
(5 mm cells) or 16/9 (8 mm cells). For all realistic
track angles, a particle passing through an insensi-
tive region of one layer will hit a cell in the other
layer in a region of almost 100 % efficiency. Effi-
ciency near the cell edges depends not only on the
cell shape, but also on the final choice of drift gas
mixture (e.g. electron attachment to CFy4). Test
results from prototype cells indicate that edge in-
efficiencies will be negligible compared to the geo-
metrical loss factor, which is included in the LHCb
detector simulation.

Module rigidity is provided by 10 mm-thick
foam layers clad with 25 pym aluminium facings.
Extensions of the inner facing are wrapped around
the sides of the cell layers, thus providing the gas
envelope. At 1 m intervals the sense wires are sup-
ported by isolating strips. The two sense wires of a
cell, each covering half of its length, are terminated
on a support strip placed halfway along the length
of the module.

The geometrical thickness of a module is 30 mm
(10 mm for the two cell layers and 10 mm foam on
either side). This represents 0.4 %Xy, assuming the
same foil thickness (75 pm) as in prototype mod-
ules. There is no further material in the acceptance
region, so a standard station of four detector planes
represents 1.6 % of a radiation length. Consecutive
planes will be mounted (almost) flush against each
other, giving a station thickness in the acceptance
region of slightly more than 120 mm (180 mm for
stations T2 and T10). Outside the acceptance, the
total extension in z for the mounting frame, front-
end boards, gas distribution and cable paths is 180
mm (240 mm). The joint between adjacent mod-
ules in the same plane is 2 mm wide and has a
thickness of 5%X,. The terminating structure of

cvoAariply . MAIN LTRRACKING DELTECTORD

modules of type I extends 30 mm into the accep-
tance of the inner detector (see Fig. 8.10). Over 25
mm, it represents 1.5% Xy per module, and about
8% X over the remaining 5 mm closest to the beam
pipe.

Stations will be mounted around the beam pipe
by sliding left and right halves inwards, on a frame
structure. The frame of the outer detector also
serves as support for the inner detector, which is
supported in front of the outer detector assembly
on hollow carbon fibre rods.

8.3.3 Front-End electronics

The number of readout channels required for the
Outer Tracking system is given in Table 8.2. It
is intended to use the 8-channel ASD-BLR [13]
preamplifier/discriminator chip developed by the
ATLAS community. It provides ion-tail cancel-
lation tailored to CF4-based drift gas mixtures,
which tend to have very low ion mobility.

Given that the occupancy per interaction will
be of order 5 - 10 % in an appreciable fraction
of the outer detector channels, the TDC system
will be driven by the bunch-crossing clock (rather
than being data driven) and will have a Level-0
pipeline for each individual channel. Time mea-
surement within the 25 ns bunch-crossing interval
with 5 or 6-bit precision will be sufficient. An 8-
channel TDC chip, currently under development
at the University of Freiburg, could be adapted.
Because of the 50 ns drift window, pipelined cells
(following a Level-0 accept) must be fed pairwise to
the Level-1 buffer and the track trigger electronics,

In stations inside the magnet coil (T3 —T5) only
the preamplifiers will be mounted directly on the
detector modules. In the other stations the front-
end boards carry the TDC and pipeline chips.

8.3.4 R & D schedule

The design of the mechanics will be frozen by mid
1999; the detailed layout of the front-end electron-
ics about one year later. The most important pa-
rameters — choice of drift gas, material and shap-
ing method of the cathode foils — will be fixed
before mid ’99. A beam test of a telescope of two
stations, one placed inside a 1 Tesla field and the
other outside the field, is planned in 1998. The
test stations will have smaller lateral extensions,
but otherwise the geometry will be the same as
presently foreseen for the final layout. In addi-
tion, a full scale model of a station will be built to
test the design of the mounting structure, to verify
the assembly procedure and to check the layout of



ot W INOES

front-end boards, cables, gas lines, etc. Aging tests
will be coordinated with the HERA-B outer tracker
group. With a gas amplification of a few times 10*
the accumulated charge in the hottest regions of
the outer detector remains below 1 C/cm per year.

8.4 Alignment

It appears very difficult to assemble and to main-
tain the tracking stations, comprising the inner de-
tectors and the large outer modules, with a pre-
cision below 100 pm. Instead, accurate displace-
ment monitoring by means of an optical alignment
system is foreseen. Two such systems are used in
the ATLAS [14] muon spectrometer. Both systems
are fully adequate for the alignment of the LHCb
tracker and reach precisions below the 10 pym level.
One is developed by MPI and uses an infrared laser
and semi-transparent amorphous silicon-strip sen-
sors. The second system, RASNIK, consists of
LED’s with masks, lenses and CCD’s. One device
aligns three points with high precision in all three
dimensions. More points can be aligned step-wise
using several devices. The MPI system can align
up to twelve points at a time, and is therefore the
baseline option (as in HERA-B) for the alignment
of the LHCD inner and outer tracking detectors.

8.5 Performance

The tracking system is designed to provide robust
track-finding and track-following. This is obtained
with redundant measurements in a relatively large
number of layers and stations. The spatial pre-
cision is more than adequate and the momentum
resolution is limited by multiple scattering. The
relative precision, dp/p = 0.3%, is approximately
constant for tracks of momenta from 5 GeV to
200 GeV [1]. This propagates through to the pre-
cision in reconstruction of effective masses. Details
are quantified (in Chapter 15) for each of the de-
cay modes used in the physics analysis; examples
are B— 7 for which the r.m.s precision in mass
is 15.2 MeV/c? and Dy —KKn (where the Dy is a
Bs decay product), with a precision of 4.2 MeV /c2.
The contribution of the momentum measurement
to the mass precision is comparable with that due
to the error in the track angles as measured in the
vertex detector. More details on the performance
of the tracking system (including the Vertex Detec-
tor) are presented in Ref. [1].
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Chapter 9 RICH Detectors

9.1 Introduction

The purpose of the RICH detectors is to identify
the particle type of charged tracks.

Particle identification is crucial for the physics
that LHCD is designed to study. It allows the de-
cays of interest to be separated from other b-decay
channels which would otherwise contaminate the
signal. An example is B} — 777~ where the back-
ground from By — K*7~ gives an invariant-mass
peak that significantly overlaps the signal peak,
when the kaon is taken as a pion, and the peak
corresponding to B? — K+K~ lies right on top
of the signal. Another example is B? — DK™,
where the background from B? — D7t would
completely overwhelm the signal.

Even when the background does not peak un-
derneath the signal, there are significant gains from
particle identification in suppressing the combina-
torial background, particularly for high-multiplicity
decay channels.

The identification of kaons is crucial for one of
the techniques used to determine the production
state of a b hadron, by selecting a track from the
accompanying b decay (chosen as not being from
the fully-reconstructed b hadron under study, but
offset from the primary vertex of the event) [1].
If that track is a charged kaon produced by the
cascade b — © — §, then its charge will have the
same sign as its parent b quark.

Finally the particle-identification system can
complement the calorimeters and muon system in
the identification of electrons and muons. For high-
mass particles it can also provide an improved mo-
mentum determination.

Acceptance requirements

The particle-identification system should cover the
full angular acceptance of the LHCb spectrometer,
from 10mrad to 330 mrad.

The upper limit in momentum required for 7—
K separation is determined by tracks from BY —
77~ (or other two-body decays) as shown in Fig.
9.1 (a); 90% have p < 150 GeV/c. The identifica-
tion of tagging kaons (and tracks from high mul-
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Figure 9.1: Momentum distributions for (a) the
highest momentum pion from B} — 77~ (un-
shaded) and B? — Dfr*7~ 7~ (shaded), (b) tag-
ging kaons.

tiplicity decays) determines the lower momentum
limit required. As shown in Fig. 9.1 (b), a limit of
p > 1GeV/c is sufficient.

Detector overview

The most suitable technique to cover the required
momentum range of 1 < p < 150GeV/c is the de-
tection of ring images of Cherenkov light produced
by the passage of charged particles through vari-
ous radiators in RICH detectors [2]. Three radi-
ators have been selected: silica aerogel and two
fluorocarbon gases, C4F19 and CFy; some details
concerning these materials are given in Table 9.1.
The radiators are incorporated in two RICH detec-
tors, which are chosen to be in low magnetic field
regions. This is so that the tracks do not curve
appreciably whilst passing through the radiators,
which would limit the resolution; low field is also
important for the photodetectors.

The polar angle 4 is plotted as a function of mo-
mentum for all tracks in fully-simulated b events in
Fig. 9.2. As can be seen there is a clear correlation,
with tracks at large angles having a softer momen-
tum spectrum. The detector intended for the iden-
tification of low-momentum particles, RICH 1, is
therefore designed to cover polar angles out to the
full acceptance of the LHCb spectrometer, 330 mrad
in both the horizontal and vertical projections. It is



Table 9.1: Some characteristics of the radiator ma-
terials used in the RICH system (for visible light
at NTP); the lower part lists the contributions to
the resolution (from emission-point, chromatic and
pixel errors), the total resolution per photoelectron,
the mean number of detected photoelectrons in the
ring image, and the error on 3 per track.

Material CF,y C4F1p | Aerogel
n 1.0005 | 1.0014 1.03
gmax [mrad] 32 53 242
Denresh (T) [GeV/(] 4.4 2.6 0.6
Denresh (K) [GeV/(] 15.6 9.3 2.0
og™sson  [mrad] 0.21 0.54 0.36
géhromatic  [mrad] 0.22 0.54 1.21
ahxe! [mrad] 0.18 0.72 0.72
giotal [mrad] 0.35 1.10 1.45
Npe 30 55 15
giyack /106 1.9 7.9 92.4

sited upstream of the magnet to catch low momen-
tum tracks that will be swept out of the acceptance.
It combines both aerogel and C4F;( radiators, with
the gaseous radiator covering the acceptance down
as close as possible to the beam pipe, which is con-
ical with opening angle of 25mrad in this region.
The inner acceptance of the aerogel is limited to
50 mrad, which has been optimised taking into ac-
count the scattered light produced by high momen-
tum, lower-angled tracks.

The detector for the identification of high mo-
mentum particles, RICH 2, is situated downstream
of the magnet. Since the beam pipe has a smaller
opening angle of 10 mrad in this region, the detec-
tor can have the best possible inner acceptance.
The low-angle tracks are also better separated fur-
ther from the interaction point, and the correspond-
ingly longer focal length of the focussing mirror al-
lows a higher-resolution device to be constructed,
as required to maximise the momentum coverage.
An outer acceptance of 120 mrad in the horizontal
plane and 100mrad in the vertical plane has been
chosen, where the larger horizontal acceptance al-
lows for the spreading of tracks by the dipole mag-
net. This accepts 90% of reconstructed pions from
BY — nt7~ decays with p > 70 GeV/c (i.e. beyond
the limit for 7K separation in RICH 1).

9.2 Detector layout
The layout of the two RICH detectors can be seen

in the overall view of the spectrometer, Fig. 2.5.
An earlier design [3] had separate detectors for the
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Figure 9.2: Polar angle versus momentum for all
tracks in simulated B} — 77~ events.

aerogel and gaseous radiators, and used 45°-angled
plane mirrors to bring the images out of the spec-
trometer acceptance, so that the material of the
photodetectors did not compromise the performance
of the other subdetectors. The same goal is now
achieved by tilting the spherical focussing mirrors,
but with a substantial increase in the photoelectron
yield due to increased radiator lengths.

9.2.1 RICH1

A schematic view of RICH 1 is shown in Fig. 9.3. A
particle entering the detector from the interaction
region first traverses a 5 cm thickness of silica aero-
gel, and then approximately 95cm of C4Fio gas.
This is the fluorocarbon with highest refractive in-
dex that remains gaseous at normal temperature
and pressure, and is chosen for its low dispersion.
The Cherenkov light produced by the radiators is
focussed by two spherical mirrors, with 190 cm ra-
dius of curvature, one on each side of the beam
pipe. They are tilted by 250mrad to bring the
image planes out of the acceptance of the spec-
trometer, with a rectangular array of photodetec-
tors 60 cmx 100 cm on each side.

C4F19 resolution

Tilting the mirrors affects their focussing. When
reconstructing the emission angle of a detected pho-
ton from a given track, an assumption must be
made about the emission point: the mid-point along
the track in the radiator is taken. As photons are
emitted at other points in the radiator, the cal-
culated Cherenkov emission angle is smeared, as
shown in Fig. 9.4 (a).
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Figure 9.3: Schematic layout of the RICH 1 detec-
tor (seen from above).

Another source of imperfect resolution is the
dispersion in the refractive index of the radiator.
For C4F1¢ gas the index varies from 1.0013 at long
wavelength, to 1.0015 at about 200 nm (E,, ~ 6eV).
The wavelength spectrum of the detected photons
is determined by the quantum efficiency of the pho-
todetectors, and the assumed dependence on pho-
ton energy is shown in Fig. 9.5. The entrance win-
dow of the photodetector cuts off the energy spec-
trum; it is chosen to be UV glass giving £, <
5.5eV, to optimise the resolution. The effect of
this “chromatic error” is shown in Fig. 9.4 (b).

Finally there is the effect of the finite granu-
larity of the photodetector. This is chosen to be
2.5 mmx2.5mm (to maintain high resolution whilst
limiting the total number of channels) and gives the
contribution shown in Fig. 9.4 (c). Taking all three
effects together, the RMS resolution per photoelec-
tron for C4Fqp is 1.1mrad.! This is for saturated
rings, i.e. from particles with velocity 8 ~ 1. The
Cherenkov angle 6, is given by cosf. = 1/0n for a
radiator of refractive index n, and hence the uncer-
tainty on n due to the dispersion leads to a term
proportional to 1/tanf. in the resolution; this is
accounted for in the pattern recognition studies.

The expected number of detected photoelectrons
is given by [2]:

@

Npe = (hc) Lea /QRsin2 0.dE, ,  (9.1)
where the first factor is a constant with value 370
eV lem™!, L ~ 95cm is the radiator length, e4 =
0.73 is the assumed coverage of the photodetector

IThe effect of imperfect knowledge of the track direction
and momentum will be considered in Section 9.4.
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Figure 9.4: Contributions to the resolution of the
C4Fyo radiator: (a) emission-point uncertainty; (b)
chromatic error; (c) pixel size; (d) overall reso-
lution per detected photoelectron, with superim-
posed Gaussian fit.

active area, and R = 0.95 is the assumed mirror
reflectivity. Using the quantum efficiency @ from
Fig. 9.5, Eq. (9.1) gives approximately 55 photo-
electrons/track (for a saturated C4F1o ring). Thus
the resolution per track is about 0.15 mrad.

Aerogel

Silica aerogel is a colloidal form of quartz, solid
but with extremely low density, that has a long-
established use in threshold Cherenkov counters.
Its refractive index can be chosen in the range 1.01-
1.10, ideal for the identification of particles with
momentum of a few GeV/c. The idea of using it in
a ring-imaging detector [4, 3] has followed from the
development of high quality, very clear, samples.
The dominant cause of scattering of light within
aerogel is Rayleigh scattering; this leads to the
transmission of light with wavelength A through a
block of thickness L being proportional to e’CL/XL,
where C' is a coefficient characterising the clarity
of the sample. Recent samples have C' = 0.005—
0.010 pm* /cm [5].

The scattered photons can be at large angles to
their initial direction,? and lead to background hits
on the image plane. Since the Cherenkov light is
produced uniformly along the path of the particle
through the aerogel, the fraction of produced pho-
tons that emerge unscattered is (1—e=CL/A")\*/CL.
The effect of scattering in the aerogel is shown by
the shaded distribution in Fig. 9.5: it dominates at
high energy, so a thin window (of Mylar) is placed
after the aerogel to absorb the (mostly scattered)

2Single Rayleigh scattering gives a cos? 1) distribution for
the scattering angle 1, and this is modified somewhat by the
possibility of subsequent scatterings.
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Figure 9.5: Quantum efficiency as a function of
incident photon energy assumed for the photode-
tectors in the simulation (unshaded), typical of a
bialkali photocathode. When multiplied by the
probability of the photon remaining unscattered by
the aerogel, the shaded distribution results. The
dashed lines indicate the assumed window cut-offs.

photons with E, > 3.5eV. This also serves to re-
duce the chromatic aberration, and separate the
aerogel from the gas. For a track passing through
5cm of aerogel with n = 1.03 the resulting num-
ber of detected photoelectrons in a saturated ring
image is expected to be approximately 15, from
Eq. (9.1), with an additional 5 or so scattered over
the detector plane.

The contributions to the resolution have been
determined for the aerogel radiator in a similar
manner to those for C4Fyp, and are listed in Ta-
ble 9.1. The overall resolution per photoelectron is
1.4 mrad, which is reasonably well matched to the
C4F1p resolution, permitting the use of common
photodetectors.

The radiation hardness of aerogel has been
studied by a group from KEK [6]. No significant
degradation of the properties were observed up to
10 Mrad equivalent dose, well beyond that expected
for the aerogel in LHCb. Tests have shown that
the properties will not degrade significantly over
the timescale of the LHCb experiment if appropri-
ate precautions are taken during its preparation,
handling and storage [7]. The volume of aerogel
required is anyway modest, ~ 304, so its replace-
ment, if required, would be straightforward.

9.2.2 RICH2

A schematic view of RICH2 is given in Fig. 9.6.
The radiator is approximately 180cm of CF, gas,
chosen for its suitable refractive index at normal
temperature and pressure, and low dispersion. The
spherical focussing mirrors have a radius of curva-

cvoarivhy J. O Dl O LORS

Photodetectors

00

120mrad
Beam pipe /\
Mirrors </

Gas (CFy)
5 10 (m)

Figure 9.6: Schematic layout of the RICH 2 detec-
tor (seen from above).

ture of 820 cm, and are also tilted (by 370 mrad) to
bring the image out of the acceptance of the spec-
trometer. In this case an additional flat mirror is
required on each side, tilted by 240 mrad, to limit
the extent of RICH 2 to 200 cm along the beam di-
rection. The mirror positions and tilt angles have
been optimised to give the best resolution for the
detector, whilst keeping the flat mirror outside the
RICH 2 acceptance to maximise the number of de-
tected photoelectrons. The photodetectors are in
a rectangular array of 72cmx120 cm on each side,
and the same granularity is assumed as for RICH 1.
The contributions to the resolution are listed
in Table 9.1, with an overall resolution per photo-
electron of 0.35 mrad. Approximately 30 detected
photoelectrons are expected in a saturated ring.

9.3 Photodetectors

The RICH detectors each have two photodetector
planes, with a total area of 2.9m?2. Over this area
it is necessary to detect single photons with the
highest possible efficiency, with a detector granular-
ity of 2.5 mmx2.5mm. The photodetectors should
be sensitive to light in the visible and ultraviolet:
for the aerogel radiator visible-light sensitivity is
essential as scattering dominates in the UV. The
quantum efficiency that has been assumed for per-
formance studies is shown in Fig. 9.5.

A fraction of 73% of the total area has been
assumed to be active.® With this assumption, the

3This corresponds to 90% in radius for a cylindrical de-
vice (i.e. 81% in area) with a further factor of 0.907 from
hexagonal close-packing the tubes.
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total number of channels is 340,000, so the cost per
channel has to be low, O(10 CHF). The photode-
tectors must be fast enough for the time between
bunch-crossings of 25ns, and low noise from the
readout electronics is important.

The fringe field from the spectrometer magnet
does not exceed 40 gauss at the detector planes of
RICH 1, but reaches 100 gauss at RICH 2, with a
non-uniform field direction over the planes. The
radiation dose predicted is a few krad/year at
the RICH1 photodetector planes, and less than
1krad/year at RICH 2. The photodetectors should
be able to survive for at least ten years in this en-
vironment.

Two detector technologies are candidates for
meeting these requirements: the hybrid photodiode
(HPD) and the multianode photomultiplier. The
HPD [8] involves the use of a silicon pixel or pad
detector inside a vacuum envelope (where “pixel”
implies detector elements < 1mm in size). A pho-
tocathode is deposited on a window in the envelope,
and the photoelectron released by an incident pho-
ton is accelerated onto the silicon detector by an
applied high voltage of ~ 20kV (corresponding to
about 5000 e~ released in the silicon).* The mul-
tianode photomultiplier uses a dynode structure to
amplify the photoelectrons, as in a traditional pho-
tomultiplier, but with the “metal-channel” tech-
nique many detection cells are incorporated in a
single vacuum envelope.

Commercially-available examples exist of both
technologies, but do not fully meet the require-
ments, particularly concerning the fraction of ac-
tive area. A programme of R&D has therefore been
pursued, focussing on the development of an HPD
with high active area. This is most easily accom-
plished by increasing the size of the tube, since the
inactive area is typically around the periphery, and
is a lower fraction of the total as the tube size in-
creases. For the fixed detector granularity this in
turn leads to more channels per tube, O(10%). This
makes the provision of a feed-through per channel
impractical, thus requiring electronics to be situ-
ated inside the vacuum envelope (also important
for low noise). Two approaches have been pursued:
the “Pixel HPD”, where a silicon pixel detector is
bump-bonded to a readout electronics chip, and
the “Pad HPD”, where a silicon pad detector is
read out using routing lines on the silicon surface,
wire-bonded to separate electronics chips.

4Radiation damage of the silicon due to the incident
photoelectrons should not be a problem, as a 10% loss
of gain has only been seen after an integrated charge of
~ 0.1 C/mm? [8], corresponding to many years of operation
in the RICH detectors of LHCD.

Figure 9.7: Photograph of a prototype 40 mm Pixel
HPD tube.

9.3.1 Pixel HPD

The development of the Pixel HPD [9] is being car-
ried out in close collaboration with industry.® It
is based on standard image-intensifier tube geome-
tries that strongly focus photoelectrons onto a seg-
mented silicon pixel array, bump-bonded to a bi-
nary readout chip with matching pixel electronics.
The feasibility of this approach has already been
demonstrated by the successful realization of the
“ISPA-tube” in 1994 [10].

Cross-focussing geometries give good spatial res-
olution, and are robust with respect to external
electric and magnetic field perturbations. Small
pixels with bump-bond connections to the front-
end electronics lead to small capacitances (giving
low noise and high speed) and a compact anode
structure. Binary electronics have low power con-
sumption and are consequently well adapted to im-
plementation in a vacuum tube; they are also com-
patible with the demanding bake-out cycles needed
for high-quality photocathodes.

Current status

Two electrostatically-focussed prototype tubes
with an active input diameter of 40mm and an
anode diameter of 11 mm have been constructed,
as shown in Fig. 9.7. The LHC1 chip, which had
been developed for tracking detectors in heavy ion
experiments [11], is used for the anode. It permits
measurements to be made with short peaking time
(100ns), close to the LHC requirement. However,
the comparator threshold of 4000 e~ and its spread
of 1000 e~ are too high for the HPD application. In
addition the pixel size of 50 umx500 pm is unnec-
essarily small, leading to charge sharing between
pixels and difficulties with bump bonding.

5Delft Electronische Producten (DEP), the Netherlands.
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Figure 9.8: Cross-section through the 40 mm pro-
totype Pixel HPD tube.

The cross focussing has been simulated, as illus-
trated in Fig. 9.8; the spread of photoelectrons ar-
riving at the silicon surface from a point source on
the photocathode is around 40 um. The expected
demagnification and low distortion have been veri-
fied with the prototype tubes. No change has been
seen in the performance of the pixel electronics af-
ter encapsulation. Preliminary measurements at
an operating voltage of 18 kV show that 75% of the
pixels are sensitive to photoelectrons. A further 8%
exhibit too low a threshold and have been disabled,
and the remaining 17% are insensitive due to high
thresholds. Detailed studies are underway.

Future developments

The LHCb specifications require a timing resolu-
tion of 25ns, and a threshold of < 2000 e~ with a
spread of < 200 e~. Recent developments for other
applications show that these can be reached [12]: a
threshold of 1400 e~ with an RMS of 90 e~ (after
3-bit adjustment) has been achieved on a test chip
with 25 ns shaping time. The chip has been demon-
strated to be radiation tolerant up to 800 krad, well
beyond the expected dose in the LHCb RICH de-
tectors. An LHCb-specific chip will be designed,
implementing these improved features, with 500 gm
square pixel dimensions and additional control logic
related to the trigger requirements [13].

To increase the active-area fraction, larger tube
prototypes are under development. Design studies
indicate that the desired active-area fraction can
be achieved. The present baseline dimensions of
this tube are a 72mm active photocathode diame-
ter (80 mm total), and an 18 mm active silicon di-
ameter (i.e. a linear demagnification by 4).

Magnetic field effects

The sensitivity of cross-focussed tube geometries to
the expected stray field of the LHCDb dipole mag-
net has been studied using a standard image inten-
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Figure 9.9: Cross-section through the vacuum en-
velope of the Pad HPD.

sifier with an 18 mm active input diameter and a
7mm image diameter. These tubes are found to be
robust to low magnetic fields, because their elec-
trode structure and material (Kovar) act as mag-
netic shields with high attenuation factors. A longi-
tudinal magnetic field induces image rotation, with
limited edge distortions (< 4% for 36 gauss). The
effect of a transverse field of the same magnitude is
a small image shift, with again limited edge distor-
tions [14]. These effects can all be corrected offline.

9.3.2 Pad HPD

The Pad HPD [15] is housed in a cylindrical glass
envelope of 127 mm diameter, capped with a spher-
ical borosilicate UV-glass entrance window. A
visible-light transmittive photocathode of K;CsSb
is vacuum-deposited on the inside surface of the
window. The signal from single photoelectrons in
the silicon sensor is detected by front-end electronic
chips placed at the sensor circumference and wire-
bonded to the routing lines from the pads. Fo-
cussing electrodes, fixed in the glass envelope, de-
magnify the “proximity focussed” image by a fac-
tor 2.3. Thus a Immx1mm silicon pad maps to
a 2.3mm square pad on the photocathode surface,
close to the RICH baseline requirement. The glass
envelope is vacuum sealed to a stainless-steel base-
plate with 40 vacuum feed-throughs which extract
the multiplexed signals.

Vacuum envelope

The glass envelope with focussing electrodes is
shown in Fig. 9.9. A Kovar metal skirt at the top
of the cylinder is needed to decouple the thermal-
expansion coefficients of normal and borosilicate
glass, and in addition it facilitates the high-voltage
connection to the photocathode. A Kovar metal
skirt at the bottom is required for welding to the
stainless-steel flange which incorporates a knife-
edge, fitting the V-shaped groove in the base-plate.
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Figure 9.10: Side view of the photocathode depo-
sition apparatus.

This will be filled with degassed indium metal and
closed (with up to 25kN force) to make the vac-
uum seal. The envelope reduces in radius towards
the bottom to prevent the flange from projecting
beyond the radius of the window. The HV leads
for the photocathode and focussing electrodes do
protrude beyond this radius, but they are situated
at 120° intervals and thus project into the gaps be-
tween the close-packed cylinders.

For the chosen electrode configuration, electro-
static simulations predict a unique mapping (onto
the silicon sensor) of photoelectrons out to 60 mm
radius. This corresponds to an overall active-area
fraction of 81%. The UV-glass window transparency
has been measured, and allows photon detection
up to 5.2eV (compared to 5.5eV assumed in the
baseline design). Two envelopes with fused quartz
windows have been ordered, for coating with CsI
transmittive photocathodes. They will allow the
focussing to be studied, and will be used to pro-
duce the first vacuum-tight 2048-pad HPD.

A visible-light photocathode deposition appa-
ratus has been constructed at CERN [16], as il-
lustrated in Fig. 9.10, with a facility for making a
high-vacuum seal of the base-plate onto the metal
flange of the glass envelope. It is designed for a vac-
uum level of 107'° mbar, and can be baked out at
temperatures up to 300°C. Individual dispensers
allow the deposition of Sb, Cs and K, and an op-
tical system provides for online monitoring of the
quantum efficiency.

Final assembly of the apparatus was performed
at CERN in November 1997. After the first bake-
out cycle a residual pressure of 10~ mbar was

o/

Figure 9.11: Layout of the pads of the 2048-pad
silicon detector.

achieved. The indium sealing has been successfully
tested [16], and testing of the evaporation system
is now underway.

Silicon sensor

A 2048-pad silicon sensor has been developed, as
shown in Fig. 9.11. It is divided into 16 sectors
(each covering 22.5°). The wafer has a radius of
27.5mm and thickness of 180 gm. The inner 25 mm
region in radius contains the 1mm pads and the
outer 2.5 mm region is used to fan-in the 128 traces
of a sector onto wire-bonding pads, for connection
to the readout chip. The signals are AC-coupled,
with a capacitor of 100 pF to the input of the read-
out amplifier and a resistor of 70 M2 to ground.

This sensor has been successfully tested with
photoelectrons using the VA3 readout chip [17],
with ~1pus peaking time. The measured pulse-
height spectrum from a single pad is shown in Fig.
9.12, when the sensor is exposed to 20 keV photo-
electrons in a pumped test setup [15]. The single-
photoelectron signal is at 10 o, where o is the Gaus-
sian width of the pedestal. This performance is
worse than that measured for the previous 256-pad
sensor [18], due to differences in the manufacturing
of the silicon wafer [15]. A new production of 25
half-wafers and 25 full wafers is now in progress,
aimed at recovering the better performance.

The silicon sensor is glued to the underside of
a ceramic printed-circuit board, leaving the 25 mm
sensitive radius of the sensor exposed to incident
photoelectrons. The ceramic has four layers which
contain all the routing lines for readout of the
16 chips through outputs connected to the feed-
throughs of the base-plate.

The VA3 chip has been used in the first phase
of R&D because it has low noise, is tested and
reliable; however, it is too slow for operation at
LHC. The SCT-128A is a fast (25ns), low noise,
radiation-hard 128-channel analogue chip, with a
128-element pipeline, developed for the ATLAS sil-
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Figure 9.12: Pulse-height spectrum for a single pad
of the 2048-pad silicon detector in the Pad HPD
test setup. The peaks show the pedestal and re-
solved one and two photoelectron signals.

icon tracker [19]. Recently a noise level of 500e~ +
50e~ /pF has been measured in a prototype chip
(with a low capacitance sensor). LHCb is partici-
pating in a new production of a slightly modified
chip, aiming for a noise level of ~600e~ for the Pad
HPD.

9.3.3 Readout electronics

To meet all of the LHCb requirements, further mod-
ifications will be required to the front-end electron-
ics of both the Pixel and Pad HPD developments:
in particular, the provision of a suitable deran-
domising buffer, and multiplexing in groups of 32
rather than 128 channels.

Data from the RICH detectors will not be used
in the early levels of the LHCb trigger. The Level-0
trigger rate is 1 MHz, and the data will be stored
in digital buffers situated a few metres from the
photodetectors whilst the Level-1 trigger decision
is being made. The data must therefore be read
from the detectors within 1 us, which, at a rate of
40 MHz, requires multiplexing in groups of 32 chan-
nels. Given the number of channels, ~ 10* readout
lines will be required, and the possibility of using
twisted-pair copper cables is under investigation.

At the site of the Level-1 buffers, zero-
suppression and feature extraction will also be per-
formed, possibly using a DSP-based system. The
requirements are very similar to those of the Ver-
tex Detector (except that the data is not used in
the Level-1 trigger decision) so a common solution
is under study [13]. Further multiplexing will then
reduce the number of 1 Gb/s readout links required
to the DAQ system to 32. For the binary readout
that is currently foreseen for the Pixel HPD, this
number could be further reduced.
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9.3.4 Multianode photomultipliers

Multianode photomultipliers have been adopted
by the HERA-B collaboration to instrument their
RICH detector. They use the 16-channel device
R5900-M16 from Hamamatsu, with 4mm cells.
The recent development that makes these devices
interesting for LHCD is a 64-channel device R5900—
M64, with 2mmx2mm cells. The specified gain for
these tubes is 10® at an operating voltage of 1000V,
which makes the signal processing straight-forward.
There is a separate feed-through for each channel.
Apart from the input stage (which requires much
lower gain) the same electronics as for the Pad HPD
could be used.

Assuming that the full photocathode area of
18.1mmx18.1mm is active, and staggering the
tubes so that the effective outer dimension is
26.7mm, this corresponds to an active fraction of
46%. About 4000 tubes would be required to cover
the total RICH detector surface. To increase the
active fraction, an optical lens system can be used
in front of the tube, as adopted by HERA-B.% A dif-
ferent lens arrangement is required for LHCb due
to the large range of incident photon angles from
the aerogel and gaseous radiators, but a possible
solution has been found that would give an active-
area coverage of close to 100% [20].

One of the 64-channel tubes was installed in the
RICH prototype and tested in a beam in November
1997 [21]. The Cherenkov ring from air that filled
the prototype vessel was arranged to fall within
the active area of the tube, and was cleanly re-
solved. Using a Mylar filter to ensure the same
spectrum, the photoelectron yield was measured to
be 60% of that seen using a commercial HPD (de-
scribed in Section 9.5). Most of this difference is as-
cribed to the lower collection efficiency of the multi-
anode photomultiplier (the collection efficiency for
the HPD is expected to be close to 100%).

9.3.5 Cost and schedule

The cost of most of the components of the Pad
HPD are now established by solid commercial of-
fers, with the major remaining uncertainty being
the photocathode deposition. Allowing 5 kCHF for
this, the total cost is 12kCHF per HPD (6 CHF per
channel). The cost of the Pixel HPD is expected
to be ~ 10 CHF per channel.

The multianode photomultipliers are currently
significantly more expensive than the estimates for
the HPD’s, but their price is expected to reduce

6 An alternative approach using a multifaceted focussing
mirror is also under study.
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77~ event, with the photodetector planes of
RICH 1 drawn side by side (scale in cm), and the
Cherenkov rings superimposed.

to below 20 CHF per channel. At present they are
considered to be a back-up solution.

The next step for the Pad HPD development is
to test the focussing of the envelope with its elec-
trodes in a pumped system, with a quartz window
and CsI photocathode. Meanwhile the bialkali-
photocathode deposition facility will be commis-
sioned, and the parameters of the process tuned.
Finally prototype tubes under vacuum will be pro-
duced with the bialkali photocathode, using the “in
house” facility. The components for up to 25 tubes
have been ordered, and some of these will be sent
to commercial vendors to investigate the possibility
of encapsulation by industry.

For the Pixel HPD, after the tests of the 40 mm
tubes have been completed, the next step will be
to produce an 80 mm prototype with a phosphor-
screen anode, to study its photocathode and fo-
cussing properties.

Following the tests of prototypes of both HPD
developments and the multianode photomultipliers
in 1998, it is intended to make the final choice
of photodetector in 1999, based on their demon-
strated performance and price.

9.4 Pattern recognition

A simulated b-event in the two RICH detectors is
shown in Fig. 9.13 and 9.14. The two detector
planes of each RICH are drawn side by side, dots
mark the positions of detected photoelectrons, and
the expected ring images are superimposed. The
event generator is PYTHIA, and a full GEANT
treatment is used to provide track impact points on
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Figure 9.14: Event display of the same event as
Fig. 9.13, for RICH 2.

the entrance window of each RICH.” A stand-alone
routine is then used to simulate the generation of
Cherenkov light, and trace it to the photodetectors.

The Cherenkov rings are not perfect circles, but
are roughly elliptical in shape, with a degree of dis-
tortion that depends on the direction of the track
within the acceptance. Instead of attempting to
directly fit these rings, a substantial simplification
is achieved by reconstructing the Cherenkov angles
at emission (6., @) for each hit under the assump-
tion that it originated from a given track [2]. That
calculation accounts for the mirror geometry, and
involves the solution of a quartic equation [22]. The
hits which truly originate from that track will then
all have the same value of polar Cherenkov angle
0. (within the resolution), and have uniformly dis-
tributed azimuthal angle ¢..

The task of the pattern recognition is to assign
a particle type to each track, so as to best describe
the observed hits. Two approaches have been de-
veloped: a “local” method which treats each track
separately (and is therefore fast), and a “global”
method that optimises the assignment of particle
types for all tracks in the event simultaneously, to
give the most accurate possible particle identifica-
tion.

9.4.1 Local analysis

In the local method [23] each track is taken in turn,
and the Cherenkov angle of each hit in the de-
tector is calculated relative to that track; to save
CPU time this is first calculated approximately to
check that the hit is within the physically-accessible

"The effect of particles that are not reconstructed by the
tracking system is under study, but has not been included
in the results presented.
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Table 9.2: Results from the local pattern recogni-
tion applied to 500 events. Each track gives one en-
try in the table, and X denotes tracks below thresh-
old in all radiators; the rows give the reconstructed
particle type, P is the purity and e the efficiency.
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Table 9.3: Results from the global pattern recogni-
tion applied to 500 events (with the same notation
as Table 9.2).

True particle type
Rec e I T K p X | P
e |6233 7 328 0.95
7 8 224 554 31 | 0.27
™ 5 10 13114 1 81 0.99
K 1 39 1083 11 | 0.96
p 1 4 1 427 11 0.98
X 3 8 197 27 3990 | 0.94
e 1099 090 092 0.97 1.00 0.99

True particle type
Rec e I m K p X | P

e (6090 11 291 5 2 130 | 0.93
5 47 200 512 7 136 | 0.22
m 16 18 12649 10 89 | 0.99
K 5 6 248 1028 11 60 | 0.76
p 2 3 104 11 381 21 0.76
X 90 12 432 51 33 3624 | 0.85
e | 097 0.80 0.89 0.92 0.89 0.90

range of Cherenkov angles, before initiating the full
calculation. For each track a log-likelihood function
is calculated, proportional to:

n 71 ex —7(0l _ em)z
Xijl <1+m09n p[ 207 D , (9.2)

where 6; is the reconstructed emission angle of hit
i, 8, is the expected emission angle of the track un-
der particle-type hypothesis = [e, u, 7, K, p], and
op is the angular resolution. k is a hit selection
parameter, which defines an effective range around
the considered Cherenkov angle 6;; a value k = 1
is found to give the best performance. The nor-
malisation is chosen such that the value of the log-
likelihood function corresponds to the number of
hits expected at angle . The sum is performed over
all hits, but excludes those with 6; much greater
than the saturated Cherenkov angle to save CPU
time.

The log-likelihood function is used to calcu-
late the number of hits which can be attributed to
a given particle-type hypothesis, evaluated at the
mean Cherenkov emission angle. A Poisson proba-
bility is then calculated from the comparison of the
number of reconstructed hits with the number ex-
pected, from Eq. (9.1), and this is used to discrim-
inate between the different particle hypotheses.

The performance of the algorithm has been
tested using all of the tracks that pass through
the RICH detectors in 500 simulated By — 77~
events. The results are shown in Table 9.2. Each
track gives a single entry: the column gives the true
particle type (or X if the track is below threshold in
all radiators) and the row gives the reconstructed
particle type (or X if the track is reconstructed as
being below threshold in all radiators). The perfor-
mance can be quantified in terms of the efficiency
¢ (the fraction of true particles of a given type that

are identified correctly) and the purity P (the frac-
tion of tracks that have been identified as a given
particle type that are truly that type). As can be
seen, the efficiencies range between 80% and 97%,
depending on particle type. The purities are also
high, except for muons, which suffer from signif-
icant pion contamination due to the much larger
number of pion tracks (close in mass to the muon).

The CPU time taken by this algorithm is 2.4s/
event on a machine of 100 MIPS processing power.
Further optimisation of the speed is in progress,
and the possibility of using it in the trigger, at
Level-3, is under study.

9.4.2 Global analysis

Instead of treating each track separately, in the
global method [24] the likelihood is constructed
for the whole event. In this way the main “back-
ground” for a track in the local method, due to hits
from other tracks, is correctly accounted for. For a
given choice of particle type for each track, a like-
lihood is calculated that all the hits observed were
produced by the tracks in the event. The particle-
type assumptions are then changed and the likeli-
hood recalculated; in this way the set of particle
types that maximises the likelihood is searched for.

The event likelihood is calculated by comparing
the number of photoelectrons detected in each pixel
with the number expected in that pixel from all
sources: signal (the Cherenkov rings from the vari-
ous radiators), and backgrounds (from scattering in
the aerogel, electronic noise, etc.). The number of
detected photoelectrons is illustrated in Fig. 9.15
for the pixels in a zoomed region of the event in
Fig. 9.13. A fitting function is calculated as the ex-
pected number of photoelectrons detected in each
pixel, for a given choice of particle types for the
tracks in the event. For the signal from a single
track, that fitting function takes the form of a ring
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Figure 9.15: Observed number of photoelectrons in
each pixel, for a region of the RICH 1 detector.

with roughly Gaussian cross-section in radius.® For
all of the tracks in the event of Fig. 9.13, the fit-
ting function over the same zoomed region has the
form shown in Fig. 9.16 (for a given set of track hy-
potheses). The likelihood is then determined from
comparison of the observed photoelectrons and the
fitting function [24].

One advantage of this approach is that the de-
tailed description of backgrounds is easily included.
For example, the distribution of scattered photons
from the aerogel, relative to the incident track di-
rection, has been parametrized using the simula-
tion. The resulting contribution has been included
for each track in the fitting function.

The search for the maximum-likelihood solution
is initiated with all tracks taken as pions (the most
numerous particle type). The assumption for each
track is then changed in turn to each of the other
possible hypotheses, and the change which gives the
largest increase in event likelihood is chosen. This
procedure is then iterated until no further improve-
ment in likelihood is seen. The CPU time taken is
11.5s/event on a 100 MIPS machine.

Performance

The performance of the algorithm has been tested
using all of the tracks that pass through the RICH
detectors in 500 simulated B} — 777~ events.
The results are shown in Table 9.3. The efficien-
cies and purities are now in the range 90-100%,
except for the muon purity as before. However, in-
stead of simply choosing the maximum-likelihood
solution, the separation between different particle
hypotheses can be varied. This is expressed in

8The parametrization is Gaussian as a function of the
Cherenkov emission angle 6., and that is then converted to
the detector plane using the RICH optics.
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Figure 9.16: Expected number of photoelectrons in
each pixel, for the same region as Fig. 9.15, under
a given assumption of particle types for the tracks
(x10 for the aerogel rings, for clarity).

terms of Gaussian sigma using the correspondence
Ny, = V2AIn L, where Aln £ is the difference in
log-likelihood between the two hypotheses (N, > 0
for the nominal maximum-likelihood requirement).
Adjusting the separation cut between pion and muon
hypotheses to —2 o, almost all pions can be rejected
whilst maintaining ~ 85% muon efficiency.

The separation between pion and kaon hypothe-
ses is presented in Fig. 9.17 for true pions, as a
function of their momentum. As can be seen, > 3o
separation is achieved with the full pattern recog-
nition, for almost all tracks. The separation is low-
est at the two extremes in momentum, but the re-
quirement of separation over the range 1 < p <
150 GeV /¢ is satisfied.
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Figure 9.17: 7K separation (in o) as a function of
momentum, for all true pions in 100 BY — 77~
events. The symbol indicates which detector(s) the
pion passed through.
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Figure 9.18: Layout of the %—scale prototype of the
RICH1 detector.

The dependence of the particle-identification per-
formance on the precision of the track parameters
has been investigated [23, 24]. No significant degra-
dation is seen as long as the momentum resolution
satisfies Ap/p < 0.01, and the track angular resolu-
tion is better than 1mrad in RICH1 and 0.1 mrad
in RICH2. These requirements are comfortably
satisfied by the tracking system of LHCb. The
addition of noise in the photodetectors has been
simulated, and little effect is seen until the proba-
bility of each pixel firing randomly is increased be-
yond 1%. This can be understood, because instead
of searching for ring images in a stand-alone man-
ner, the knowledge of the tracks has been used and
the likelihood of different particle-type hypotheses
compared; this comparison is robust to additional
random hits.

9.5 Prototype tests

9.5.1 Aerogel beam test

A beam test of aerogel was performed at CERN
in 1996 [25]. The apparatus used consisted of a
light-tight box, flushed with nitrogen, containing
an angled spherical mirror (of 90 cm radius of cur-
vature) with a sample of aerogel supported in front;
a one-inch photomultiplier mounted on a motorised
stage was arranged so that it could be scanned hor-
izontally across the focal plane of the mirror. This
setup was exposed to 10 GeV pions from the T9
test beam of the CERN PS.

Scanning the photomultiplier across the image
plane, clear peaks were observed in the count rate
due to the Cherenkov light from the nitrogen gas
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Figure 9.19: Photograph of the HPD array during
assembly.

(at small radius) and from the aerogel (at a radius
of 11cm, corresponding to the nominal refractive
index of 1.03). This was the first electronic detec-
tion of Cherenkov ring images from aerogel, and the
observed photoelectron yield was consistent with
expectation.

9.5.2 RICH prototype

A prototype of the RICH 1 detector has been con-
structed, and operated in the T9 test beam [26].
Focussed ring images from pions, kaons and pro-
tons have been detected on a plane of HPD’s, using
silica aerogel, air and C4F1( gaseous radiators [27].

The aims of the prototype experimental pro-
gramme were to investigate the performance of com-
mercial HPD’s, to demonstrate the simultaneous
detection of Cherenkov rings from gaseous and aero-
gel radiators, and to measure the spatial precision
of detected photons using a full-scale prototype of
the RICH1 device. In addition the scattering of
light by the aerogel radiator was investigated using
UV filters, and the effects due to ionising particles
traversing the HPD’s were studied.

A schematic diagram of the i—scale prototype
of the RICH1 detector is shown in Fig. 9.18. A
240mm focal-length mirror was used to simulta-
neously focus Cherenkov rings from aerogel and
gaseous radiators onto an array of seven commer-
cial HPD’s at the photodetection plane. In this
configuration the gaseous radiator (either air or
C4F1p) was contained within a volume of length
40cm between a Mylar window and the mirror,
and samples of aerogel were placed at the beam
entrance window. Aerogel with nominal refractive
index n = 1.03 was procured from KEK and Mat-
sushita.® The beam trajectory was measured using
three planes of silicon detectors with 1.3 mm pads.

9Supplied by E. Nappi, Univ. of Bari, Italy.
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Figure 9.20: Display of the hits in a run taken with
a pion beam in the i—scale prototype, showing the
rings from aerogel and C4F;¢ radiators.

Commercial HPD’s

The 61-pixel HPD’s were a new development con-
tracted from DEP.1® They have a hexagonal array
of 2mm silicon pads, proximity focussed, with a
fused-quartz window. Each HPD was connected
to a front-end board, on which a 128-channel VA2
pre-amplifier chip (with 1.2 us shaping time) was
mounted. The multiplexed analogue signals from
each of the seven front-end boards were trans-
mitted, via a distribution board, to a flash-ADC
system in VME. The HPD array can be seen in
Fig. 9.19.

The single-photoelectron signals from the HPD’s
were typically 3000e~, at the 12kV photocathode
operating voltage. The complete readout and ac-
quisition chain was initially tested using a weak
source of light from a pulsed light-emitting diode.
The signal/noise ratio was typically ~5.7, corre-
sponding to a noise of approximately 500e~. The
HPD’s demonstrated very good pixel-to-pixel uni-
formity. They proved relatively trouble-free over
three months of operation, between June and Au-
gust 1997, during which 5 million triggers were
recorded with over 96% of the channels fully op-
erational.

Photon yields

Figure 9.20 shows data taken with a 10GeV/c w1~
beam, with an 18 mm thickness of aerogel (KEK)
and C4F;9 radiator. The C4Fp ring is not quite
contained within the central HPD; the radius is
compatible with that expected from the refractive

10T his followed from a development project supported by
INFN Gruppo 2 and Univ. of Southampton under a Euro-
pean Union grant.
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Table 9.4: Numbers of photoelectrons per event
for the various radiator and detector filter combi-
nations: Nops is the observed number, N¢opr is the
number after background and acceptance correc-
tion and Npreq is the predicted number from the
simulation. Aerogel sample 1 is from KEK and 2
from Matsushita.

Radiator | Filter | Nobs | Neorr | Neorr/Npred
Air 4.9 4.8 0.99
C4F10 79| 32.7 1.06
Aerogel 1 1.8 | 10.7 0.82
Aerogel 1 | Glass 1.1 6.1 0.93
Aerogel 1 | Mylar | 1.3 3.5 0.75
Aerogel 2 | Glass 0.9 4.3 1.12

index of 1.0014. The outer HPD’s clearly exhibit
the ring from the aerogel radiator. The number
of photoelectrons per event has been measured for
each of the radiators, and compared with expecta-
tions from a detailed simulation of the prototype
geometry, incorporating measurements of optical
transmission and reflection for each of the elements.

For each photodetector channel the width of the
pedestal, the photoelectron peaks and the separa-
tion between peaks were determined by fitting mul-
tiple Gaussians to the spectra obtained from ded-
icated pedestal and LED runs. When analysing
the data runs, a cut at 3o of the pedestal width
for each channel was used to select valid photon
“hits”. The number of photoelectrons per pixel per
event was determined using the knowledge of the
photoelectron-peak separation. Signal regions were
defined as the area lying within three pixels of the
observed ring arc for each photodetector.

The number of photoelectrons per event were
counted for the gaseous radiators and the aero-
gel (with and without borosilicate glass or My-
lar filters). The background to the raw photo-
electron count was estimated by looking in those
pixels not in the signal region. For the air and
C4F1 radiators the background correction is small
(~5%), whereas for the aerogel samples it is ~25%.
The background consists of photoelectrons from
scattered photons in the aerogel, a contribution
from backscattered photoelectrons in the HPD’s,
and electronic noise. Efficiency corrections include
losses due to the 3 o cut and the geometrical accep-
tance of the photodetectors. The results are shown
in Table 9.4. The observed values are in excellent
agreement with expectations for the gaseous radia-
tors. For the aerogel the agreement is good except
for the KEK sample with Mylar filter, where 25%
less light is observed than expected; however, in
this case the systematic error from the background
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Table 9.5: Predicted Cherenkov-angle resolution
contributions (in mrad) and comparison with the
observed value (with and without Mylar filter).

Source No Mylar | Mylar
Finite pixel size 0.56 0.56
Emission point uncertainty 0.58 0.58
Chromatic aberration 1.03 0.20
Gas pressure variations 0.02 0.02
Particle trajectory error 0.28 0.58
Total (predicted) 1.34 1.01
Total (observed) 1.40 1.10

subtraction is large.

From Eq. (9.1) a figure of merit can be defined
as Nog = Npe/L sin? f.. The observed photon yield
from the air and C4F;g radiators correspond to a
figure of merit Ny ~ 250 cm~!. The photon yield
from the aerogel samples (with Mylar filter) indi-
cate a corresponding value for Ny ~ 50 cm L.

Cherenkov angle resolution

The performance of the RICH particle identifica-
tion depends upon the precision with which the
Cherenkov angle can be reconstructed using the
photodetectors. This is limited by their finite pixel
size, variations in gas pressure, knowledge of the
particle’s trajectory, the photon emission point and
the effects of chromatic aberration. These contri-
butions to the resolution have been studied using
the simulation, and compared with the observed
values determined from reconstruction of Cherenkov
rings in a modified configuration of the prototype.

A full-scale RICH 1 prototype was constructed
by adding extension tubes to increase the gaseous-
radiator length to 100cm and to accommodate
a 1143mm focal-length mirror. With the longer
focal-length mirror, the rings from C4F;¢ now span
the outer six HPD’s. Using a 7= /K~ beam of 15.5
GeV/c momentum, the pion and kaon rings were
clearly resolved.

The rings are reconstructed in the detector plane
by fitting an ellipse to the observed hits. The cen-
tre of the ellipse is measured to an event-by-event
precision of 0.58 mrad and 0.28 mrad for the detec-
tors with and without a Mylar filter placed in front
of them, respectively. This is then used to give an
estimate of the beam direction. The predicted res-
olution contributions are listed in Table 9.5, and
their total is in good agreement with the observed
value. When the silicon telescope is used to deter-
mine the beam trajectory, a resolution of 1.06 mrad
is measured (with Mylar filter), close to the expec-
tation of 0.96 mrad from simulation.
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Figure 9.21: Front view of the mechanical support
for RICH 2, with the two halves slightly separated;
the region filled with radiator gas is shaded.

Future prototyping

The next step is to study RICH 2, for which a mod-
ification to the prototype is being prepared to ex-
tend the radiator length and use a longer focal-
length mirror. Beam time has been reserved at the
SPS test beam T1-X7, from April 1998, with pi-
ons of momentum up to 200GeV/c available. It
is also planned to use the RICH prototype system
to test the various photodetectors as they become
available.

9.6 Engineering design

Of the two RICH detectors, the engineering design
of RICH 2 is most challenging, as it is much larger
but requires greater angular precision than RICH 1
(and has a higher magnetic fringe field). The design
studies have therefore started with RICH 2.1!

As far as possible, dense material such as the
supporting structure is placed outside the accep-
tance of the spectrometer. The total volume of the
gas enclosure is approximately 90m®. It is pro-
posed to reduce this volume to about 50 m® with
the use of low-mass insertions (air bags) at the top
and bottom of the gas enclosure. The proposed
gas is CF4 at atmospheric pressure and room tem-
perature, with a total mass of about 200kg. The
pressure difference between the top and bottom of
the gas enclosure is about 3 mbar and is limited to
less than 1 mbar across the active volume.

1L Although the design of RICH 1 is expected to be sim-
pler, it does have one complication: as seen in Fig. 9.13 a
significant fraction of the photons produced by aerogel in
one half of the detector are detected in the other half. For
these photons to be detected the separating wall would need
to be transparent.



J.0. LINGLNEEIRING DESIGIN

im

-
Photodetectors

0~ /ﬁ
300ﬁ(\‘/ — g

l§

Mirror
Beamaxis = 1 ] Iy Am—

Figure 9.22: Top view of the engineering design for
one half of RICH 2.

Mechanical structure

The supporting mechanical structure is built around
two vertical C-structures, as illustrated in Fig. 9.21.
The main building block is a high I-profile stainless-
steel beam, and further stabilisation of the struc-
ture is obtained by interconnecting stainless-steel
sheets. Finite element calculations show that this
structure is stable against sagging and twisting to
better than 100 pm.

The two C-structures are not self-supporting.
Before disconnecting the two halves, a precision
stainless-steel beam is introduced into both, thereby
closing the open end of the C and ensuring the me-
chanical integrity of the two halves. These beams
are split in the horizontal plane and will be lodged
above and below the supporting structure during
data taking.

Low mass corrugated sandwich panels (G10-
PMI) are currently being considered for the walls
that define the gas volume. Inside the active area
their thickness will be limited to about 0.5% of a
radiation length. The walls between the two halves
are proposed to be made from pre-formed 1 mm-
thick G10 plates, and will incorporate half-conical
shells that surround the beam pipe.

(o

Photodetector housing

The photodetectors are placed at the two extremes
of RICH 2, as shown in Fig. 9.22. They are housed
in a gas-tight box which is separated from the
Cherenkov gas by a thin quartz plate placed par-
allel to the photocathodes. This housing is sur-
rounded by a shell of ferromagnetic material to pro-
vide shielding from the fringe field of the spectrom-
eter magnet. Simulation of different arrangements
for this shielding material indicates that the field
seen by the photodetectors can be reduced below
10 gauss [28].

The base of the photodetector tubes are fixed
to a high-precision base-plate, fixed in turn to a
trolley which allows a positioning of the plate to
within 100 gm. The positioning mechanism of the
plate allows free access to each individual tube and
its cabling. The design also makes it possible to
change one tube without disturbing the alignment
of the base-plate or any other tube. Cooling lines
can be incorporated in the walls of the housing box.

Mirror support

The flat mirrors will be glued onto a supporting
structure with low mass and high mechanical sta-
bility, such as a sandwich structure. These panels
will span the full height of the detector, and will be
suspended from the top with a freedom of rotation
around the vertical axis of the panel. The align-
ment between the top and the bottom of the panels
will be ensured with an optical measuring system.
The precision should be better than 0.1 mrad.

The spherical mirrors will be glued onto sim-
ilar panels which have been pre-formed to give a
near-perfect spherical shape. The panels will be
suspended from the top. These mirrors will have
a fixed position. The aging effects on composite
materials with CF,; will be studied: the avoidance
of swelling or shrinking will have an impact on the
choice of the support-panel material.

The currently favoured substrate for the mirrors
is a classic 6 mm thickness of glass. The use of
composite materials or beryllium to give lower mass
is a possibility, and a study is underway to verify if
sufficient resolution can be achieved. Ultraviolet-
enhanced aluminium coating with an overcoating
of MgF, is proposed for the reflecting surface.

Alignment and calibration

A matrix of light spots can be projected from the
centre of the gas volume onto the photodetector
plane, via the mirrors, to monitor the alignment of
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the system. The light source would be housed in
the lower support structure, and a mirror placed
near the beam axis would reflect the light onto the
spherical mirror. The possible use of RASNIK or
other alignment techniques [29] is under evaluation.

The pressure and temperature of the radiator
gas will be recorded with a precision of respectively
0.1 mbar and 0.1 °C. Continuous monitoring of the
refractive index will be performed using sonar for
relative changes and a Fabry-Perot interferometer
for the absolute measurement [30].
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Chapter 10 Calorimeters

10.1 Introduction

The main purpose of the LHCb calorimeters is
to identify electrons and hadrons and to provide
measurements of their energy and position. These
measurements are required for the various trig-
ger algorithms and for the off-line event analy-
sis. Furthermore, the electromagnetic calorimeter
should enable the reconstruction of photons and 7
mesons. The selectivity demanded at the first level
of triggering implies longitudinal segmentation of
the electromagnetic shower detection. The struc-
ture chosen consists of three elements: a single-
layer Preshower detector followed by a Shashlik
electromagnetic calorimeter (ECAL), and a scin-
tillating tile hadron calorimeter (HCAL).

Geometric matching of acceptance and of lat-
eral detector segmentation facilitates the combina-
tion of the information from corresponding cells of
the three detectors in the trigger processors.

The polar-angle acceptance starts at 30 mrad
from the beam axis. The acceptance improvement
which could be gained at smaller angles does not
justify the additional cost and complications of the
radiation-hard detection techniques that would be
required. The outer limits of polar-angle accep-
tance are 300 mrad horizontally and 250 mrad ver-
tically. The dynamic range of the readout extends
up to 200 GeV in the electromagnetic calorimeter,
and 300 GeV in the hadron calorimeter.

The three elements of calorimetry employ sim-
ilar technologies, i.e.  scintillators coupled to
wavelength-shifting fibres read out by fast photode-
tectors. The front-end electronics will be largely
unified for the whole calorimeter system.

10.2 Preshower detector

10.2.1 Performance requirements

Identification of electrons and photons at the trig-
ger level is extremely important in LHCb. By
selecting clusters exceeding an FEt threshold the
EM single-particle trigger should provide a Level-
0 rejection factor of at least 30 for minimum bias
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events. Good photon identification is necessary for
detection of radiative B decays and for reconstruct-
ing 7° mesons.

It was found [1] that pion rejection based on
leakage into the HCAL has inherent limitations in
regions of high track density: in particular the en-
ergy lost by hadrons in the HCAL near to an elec-
tron can increase the probability of mistaking the
electron for a pion. As a consequence, pion rejec-
tion using only the information given by the elec-
tromagnetic and hadron calorimeters is not suffi-
cient, and a Preshower detector is needed to pro-
vide better identification of electromagnetic parti-
cles. The transverse segmentation of the Preshower
detector will match that of the ECAL. A finer sub-
division will not substantially improve the detec-
tor performance, and would add considerably to
its complication and cost.

A Preshower structure made of of lead and scin-
tillator, respectively 14 mm (2.5 Xp) and 10 mm
thick, has been chosen. The optimum pulse-height
cut in the scintillator corresponds to 9 MIPs, yield-
ing the performance characteristics listed in Ta-
ble 10.1 [2]

Table 10.1: Single-particle Preshower performance
for a cut of 9 MIPs. e, (e.) is the fraction of true
electrons (pions) which pass this cut.

Energy Ee o Enrichment
(e /)

5 GeV | 0.904 | 0.099 9.13

10 GeV | 0.975 | 0.073 13.36
50 GeV | 0.998 | 0.081 12.32

10.2.2 Detector layout

The Preshower detector is located immediately up-
stream of the ECAL, with one-to-one correspon-
dence between ECAL towers and Preshower cells.
The Preshower is mechanically supported by the
ECAL frame, the detectors being arranged in a se-
ries of drawers which can slide horizontally on rails
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on the left and right sides of the frame, allowing
easy access to the scintillator and readout elements.

Each cell is made of a 14 mm-thick lead plate
followed by a square scintillator, 10 mm thick. The
tile has the same transverse dimensions as the cor-
responding ECAL tower. i.e. a square having 4, 8
or 16 cm sides. The scintillator will be chosen to
have a high light yield and fast response. Bicron
BC408 is adequate, but cheaper injection-moulded
styrenic scintillators or acrylic scintillators could
also be suitable. The light will be extracted from
the scintillator using wavelength-shifting (WLS) fi-
bres. This method allows the photodetectors and
the readout electronics to be sited away from the
beam, thus reducing the radiation dose, if neces-
sary. Several methods are available to couple the
fibres to the scintillator with good efficiency, and
two possibilities are shown in Fig. 10.1:

4x4 fiber bundle to
PM pixel or APD

b)

Figure 10.1: Two possible methods of coupling the
scintillator tiles to the WLS fibres (see text).

Scheme (a) is similar to that employed in the
hadron calorimeter and has given good results.
Tests show [3] that a MIP produces more than 3
photoelectrons (p.e.) on the photomultiplier (us-
ing 1 mm diameter Kuraray WLS fibres coupled to
a 1 mm BC408 scintillator plate). Scaling to 10 mm
scintillator thickness, 30 p.e. will be available (the
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value can be almost doubled by making one end
of the fibres reflecting.) In this case a bundle of 16
fibres will be directly coupled to the photodetector.

Scheme (b) is known as “spiral” coupling. A
deep groove is machined inside the tile, and the
WLS fibre is coiled inside it. The amount of light
is similar to that measured with the first setup.
The advantage is that only one fibre is used, thus
simplifying the coupling to a small-area photode-
tector. The method is well suited to small tiles,
where the total length of the coiled fibre is short
and problems of transit time and attenuation are
reduced.

Detailed tests will be conducted in order to
study the uniformity of light response over the tile
surface, and the effects on the overall detector per-
formance.

10.2.3 Readout

The baseline solution for reading out the fibres uses
multi-anode photomultiplier tubes (PMT’s). The
16-pixel Hamamatsu H6568 phototube (pixel size
4x 4 mm?, pitch 4.5 mm) is well suited for coupling
the 16-fibre bundle of a detector channel to a single
pixel. It is compact, has low cross-talk and suffi-
cient gain, uniformity and linearity. The readout
electronics will be the same as for the calorimeters,
but an ADC with only 8 bits can be used resulting
in a slight cost reduction of the chain.

The electronics can be placed close to the PMT.
To reduce the radiation dose the readout system
(including the PMT) will be mounted on the up-
stream side of the radiator. If necessary, the PMT’s
and the electronics could be placed as far from
the beam axis as necessary by making the fibres
longer, with a modest reduction in light output (see
Fig. 10.2).

10.2.4 Calibration

For calibration it is foreseen to use (i) a radioac-
tive source, positioned in front of the tiles, (ii) an
optical system for light injection into the tiles and
(iii) a system for light injection in the PMT pix-
els for measuring the PMT gain. In addition the
electronics chain will have (iv) a test input to be
used for gain monitoring. Parts of the calibration
system for the ECAL and the Preshower detector
will be common.

10.2.5 APD readout option

Avalanche Photo Diodes (APD’s) might become
an interesting alternative to the PMT readout.
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Figure 10.2: Light yield measured with different
WLS fibres as a function of fibre length (1 mm
BC408 scintillator).

These would have the advantage of compactness
and higher quantum efficiency (Q.E.) than PMT’s,
and potentially could be more economical.

Manufacturers such as EG&G (Canada) and
Hamamatsu commercially produce large area
APD’s (up to 100 mm?), with typical gains of 50
and more. A new manufacturer (ITE, Poland) is
now producing good quality APD’s that have been
tested successfully in a beam test.

CMS [4, 5] is executing an intensive R&D pro-
gramme on APD’s in collaboration with Hama-
matsu to improve characteristics and to reduce
costs below the $60/unit barrier, and LHCb can
benefit from their experience.

For use in the Preshower, the main problem
with APD’s is the small light output from the tile.
Taking the figures quoted above, and assuming the
diode has a 60 % Q.E. in the blue region, 150 p.e.
per MIP could be obtained. With a gain of 50
the signal charge would be 7500 electrons, with a
detector capacitance of typically 30 — 300 pF, thus
posing a serious challenge to the front-end electron-
ics (speed vs. noise.) Therefore a larger light yield
would be desirable. A collaboration with a scin-
tillator firm (Pol.Hi.Tech) is being setup, in order
to develop scintillators and/or WLS fibres with an
improved matching to the APD spectral response
which is peaked in the red.

10.2.6 Beam tests

First tests of a Preshower prototype using APD
readout have been conducted using the X7 Test
Beam in November 1997. A Preshower cell was
built using a 10 mm lead radiator followed by a 10

9

mm thick scintillator plate (4 cm side) with “spi-
ral” readout (see Fig. 10.1b) The 1 mm WLS fibre
(Kuraray Y11) was coupled to an ITE APD. This
APD had a sensitive area of 7 mm?, a Q.E.~ 70%
at 500 nm, a capacitance of 40 pF and operated
at a gain of 200-400. The diode was connected to
a preamplifier [6] with 11 ns peaking time. The
Preshower prototype was mounted upstream of a
Shashlik calorimeter module. Pulse-height spec-
tra for 20 GeV pions and electrons are shown in
Fig. 10.3 and demonstrate good separation. The
efficiency for electrons over the tile surface was
measured to be uniform, even in the region of the
groove. The results are encouraging and more de-
tailed tests will be conducted.

f=¥ T

g BB pedestal

N 10 3 pions, 20 GeV

E electrons, 20 GeV
2

8

>

2102

10
Preshower signal

Figure 10.3: Signals from the APD Preshower pro-
totype for 20 GeV electrons and pions.

10.3 Electromagnetic
calorimeter

10.3.1 Performance requirements

The main aims of the electromagnetic calorimeter
are:

e To provide electron identification at different
trigger levels and at the offline reconstruction
stage,

e To measure the energy of electrons and pho-
tons,

e To provide for 7° reconstruction.



These aims define the following set of requirements
for the performance of the ECAL:

Acceptance:

The z-position of the upstream face of the ECAL
is 12.4 m from the interaction point. The outer
dimensions are matched projectively to those of
the tracking system, thus providing the polar-angle
coverage of §, < 300 mrad and 6, < 250 mrad.
Due to severe radiation levels close to the beam
pipe the active calorimeter volume has a central
square hole of 64 x 64 cm?2.

Response time:
To simplify the implementation of the Level-0 trig-
ger the signal collection time should be below 25 ns.

Transverse granularity:

The rates of photons and charged particles at the
front face of the ECAL as a function of the distance
from the beam pipe are shown in Fig. 10.4. The
hit density varies over the calorimeter surface
by two orders of magnitude. To minimize the
number of readout channels the calorimeter should
have a variable granularity. It is composed of
inner, middle and outer regions with transverse
segmentation adjusted to ensure at most a 5%
charged-particle occupancy per calorimeter cell.
The fine transverse segmentation is essential to
improve the efficiency of 7° reconstruction and
the discrimination between electrons and charged
hadrons overlapping with photons from 7° decays.

Energy resolution:
The requirement on the energy resolution of the
ECAL is rather modest. A resolution of

o(E) _ 10%

E VE

(E in GeV) is sufficient to provide electron/hadron
separation at a level of about 100. This energy
resolution is also adequate for 7% reconstruction.
Figure. 10.5 shows the signal-to-background ratio
for the 7° signal reconstructed in minimum bias
events, which is close to unity.

®1.5%

Radiation resistance:

The expected radiation dose strongly depends on
the distance from the beam pipe, as shown in
Fig. 10.6. For the innermost part of the ECAL
peak doses of up to 0.4 Mrad can be reached after
1 year of LHCb operation. The longitudinal dose
distribution is shown in Fig. 10.7. Since a relatively
small part of the calorimeter in the vicinity of the
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Figure 10.4: The number of particles entering the
calorimeter per cm? per bunch crossing; (A) vs. =
and (B) vs. y. Electrons and photons have energies
above 1 MeV, hadrons have energies above 10 MeV.

shower maximum position suffers the maximum ra-
diation, no significant deterioration of the perfor-
mance is expected during 10 years of LHCb op-
eration. Modules of “shashlik” calorimeter, made
of injection moulded polystyrene based scintillator
and Y-11 wavelength shifter (WLS) fibres, have
shown only minor degradation of the energy res-
olution after irradiation up to 5 Mrad [7, 8, 9].

10.3.2 Design considerations

The electromagnetic calorimeter employs the
“shashlik” technology of a sampling scintilla-
tor/lead structure read out by plastic WLS fibres.
This technology has been successfully developed
by the HERA-B collaboration [10, 11] at DESY,
the PHENIX collaboration at BNL [12] and the
RD36 collaboration [13] at CERN. The combina-
tion of good energy resolution, fast response time
and relatively low cost-to-performance ratio ful-
fil the requirements of the LHCb electromagnetic
calorimeter.

The transverse view of the ECAL is shown in
Fig. 10.8. The calorimeter is constructed from
supermodules, shown in the figure as rectangular
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Figure 10.5: The invariant mass of two photons in
minimum bias events. The minimum photon en-
ergy is 2 GeV.

blocks with transverse dimensions of 64 x 32 cm?.
Each supermodule is a 4 x 2 matrix of ECAL mod-
ules which constitute the basic construction units
of the calorimeter. To provide a variable trans-
verse granularity the calorimeter is subdivided into
three regions. The inner, middle and outer modules
comprise 16, 4 and 1 calorimeter cell respectively.
The cell parameters, as well as the number of read-
out channels, are listed in Table 10.2 separately
for each region of the calorimeter. The super-
modular geometry of the electromagnetic calorime-
ter facilitates its integration into the LHCb detec-
tor. The supermodules are connected mechanically
at the front and backward faces and form a self-
supporting structure. The structure is rigid enough
to allow the left and right calorimeter halves to
move sideways on rails in order to provide access
for servicing. In total, there are 258 supermodules.

10.3.3 Construction features

The structure of a calorimeter module is shown
in Fig. 10.9. Inner, middle and outer modules
have a similar design differing by the number of
calorimeter cells per module and by the WLS

ol
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Figure 10.6: The expected annual radiation dose.
The vertical line is the inner edge of the ECAL.

fibre density per scintillator tile. The module is
constructed from alternating layers of 2 mm-thick
lead, white reflecting paper (TYVEK) and 4
mm-thick injection moulded polystyrene-based
scintillator tiles. The complete stack is compressed
using stainless steel side covers, pre-tensioned
and welded to front and rear steel lids. In total,
there are 70 layers resulting in a total depth of
25 Xo. The transverse granularity is achieved by
assembling each module layer using 16, 4 or 1
identical scintillator tiles with aluminized edges
to improve light collection and prevent tile-to-tile
light crosstalk. The light is read out via 1 mm
diameter WLS fibres which penetrate the entire
length of the module. The fibres belonging to
each calorimeter cell are bundled at the end
of the module and polished. A 1 mm air gap
separates the surface of the WLS bundle and the
phototube. The density of the fibres is a subject
for optimization between light yield, uniformity of
response and cost.

Readout of the scintillation light:

The operational features required from the
phototubes are similar for the hadronic and
electromagnetic calorimeters. The criteria gov-
erning the choice of phototube are discussed in
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Figure 10.9: Plan view of a middle-type ECAL su-
permodule with its Preshower elements.

section 10.5.

10.3.4 Calibration and monitoring

In-situ calibration constants for ECAL will be ob-
tained from experimental data using isolated parti-
cles with momenta precisely measured in the track-
ing system. A sufficiently large data sample (~ 103
electrons and ~ 10° hadrons) can be collected for
the calibration of each ECAL cell within a few
hours of LHCb running. A complementary calibra-
tion can be performed using a sample of 7° mesons
where one of the photons converts upstream of the
magnet.

The stability-monitoring system for the large
number of phototubes must correct for time-
dependent gain variations. Two monitoring tech-
niques, based on the use of either multiple LED
assemblies or a high intensity nitrogen laser, are
under study. Monitoring systems using pulsed light
sources have demonstrated better than a few per-
cent stability. The choice will be made following
further R&D.
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Table 10.2: Parameters of the LHCb ECAL.

Type Shashlik

Absorber Lead (2mm plates)

Sampling Scintillator (4 mm plates)

No. of layers 70

Moliere radius 3.6cm

Radiation length | 1.64cm

Depth 43.8cm (25 Xo)

Section Inner Middle | Outer

Cell size (cm) 4x4 8% 8 16 x 16

No. of channels 3072 1344 1536

Height (cm) 320 512 832

Width (cm) 192 384 640

Weight (tonnes) 9.2 16.2 55.7

Scint. weight (kg) | 1420 2486 13,442

WLS fibre type Kuraray | BCF BCF
Y-11 91a 91a

Fibre length (km) | 48.4 542 | 139.4

Photomultiplier R5600 R5600 | R5900

10.4 Hadron calorimeter

10.4.1

The purpose of the hadron calorimeter (HCAL) is

to provide data for the trigger and to assist in back-

ground suppression when reconstructing B decays.
At the trigger level the HCAL must:

Performance requirements

e provide a single-particle transverse-energy
measurement, of high pr hadrons,

e improve electron and hadron separation es-
pecially for high-energy particles.

In addition, at the reconstruction stage, the
HCAL will improve electron and muon identifica-
tion.

The performance parameters expected from the
HCAL design are summarized in Table 10.3.

10.4.2 HCAL design

A schematic view of the HCAL is shown in
Fig. 10.10.

Like the ECAL it consists of three regions with
different granularity. The lateral cell segmentation
has to satisfy the following criteria:

e it must measure the shower position, with a
small contribution to the pr measurement er-
ror of a single hadron,

e it must allow good two-hadron spatial sepa-
ration,

Table 10.3: HCAL design parameters.

Calorimeter feature Value
Inner acceptance, (z X y) 32 x 27 mrad
Outer acceptance, (z X y) | 300 x 250 mrad
Energy range 0.1+ 300 GeV
Time resolution < 25 ns
Shower separation 15 mrad
Radiation resistance 3 kGy/yr
Depth 7.3\1
Energy resolution, o(E)/E | 0.8/VE @& 0.05
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Figure 10.10: Front view of the Hadron Calorime-
ter.

e The number of channels should be kept low
to minimize the cost.

A four to one correspondence in the segmenta-
tion between the HCAL and ECAL will be main-
tained throughout the detector. Hence the cell sizes
range from 8 x 8 cm? at the centre, through 16 x 16,
to 32 x 32 cm? at the periphery.

The technology consists of a scintillator/iron
sampling structure with the scintillating tiles par-
allel to the beam axis and with passive radiator
made of steel plates. The overall dimensions of the
active surface are 8.96 m x 7.04 m. The beam pipe
passes through a 0.64 m x 0.64 m square hole at
the centre. Shielding material is placed between
the beam pipe and the inner edge of the HCAL.

The scintillation light is transferred by the WLS
fibres to the rear of the calorimeter where it is de-
tected by photo-multipliers. This technology, al-
ready tested in the ATLAS TileCal [14] design, has
several advantages:

e the calorimeter has the ‘natural’ depth of pas-
sive material between tiles, of the order A;
along the direction of the hadron shower de-
velopment,

e in the transverse direction, the spacing be-



tween tiles is of the order of one radiation
length, X, suitable for electromagnetic cas-
cade development,

e the fibres have a large contact surface with
the tiles providing efficient light collection,

e the scintillator is produced by injection-
moulding techniques and is cheap,

e the detector can be segmented both transver-
sally and longitudinally,

e the detector is easily assembled and has good
mechanical properties.

The design parameters of the Hadron Calorime-

ter are summarized in Table 10.4.

Table 10.4: Hadron Calorimeter: summary of fea-
tures.

Active area m? 8.96 x 7.04
Average thickness 68 Xy, 7.3 A1
Cell size, cm? 8 x 8 x 153
16 x 16 x 153
32 x 32 x 137

6 mm steel plate
4 mm steel spacer
3 mm scintillator
597
2-fold in depth

Sampling structure

Total weight, tonnes
Segmentation
Number of cells:

— with 8 x 8 cm? 512 cells

— with 16 x 16 cm? 336 cells

— with 32 x 32 cm? 736 cells
Total number of channels 3144

Photomultiplier R5900 Hamamatsu

10.4.3 Calibration and monitoring

The hadron calorimeter is required to supply data
for the Level-0 trigger. Its stability and perfor-
mance must therefore be continuously checked and
maintained. Three different types of calibration are
foreseen:

e a ¥7(Cs radioactive source is driven hydrauli-
cally inside the calorimeter through a 8 mm
diameter stainless steel tube,

e LED/laser pulses monitor the stability of the
PMT-electronics chain,
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o test-charge injection calibrates the ADC’s
and checks the stability of the trigger logic.

The calibration system has to maintain the
overall stability of the calorimeter response within
a tolerance of a few percent, compatible with the
resolution of the detector at the high end of the
energy range. The principles of design and perfor-
mance of the calibration system were tested dur-
ing the prototype construction and in beam tests.
They are described in the following section.

10.4.4 Prototype beam test

During 1997, three prototype modules of dimen-
sions 16(H ) x96(W)x153(D) cm?® were constructed
and tested. The scintillating tiles, made of PSM
115 with 1.5% PTP and 0.015% POPOP were in-
jection moulded. The Pol.Hi.Tech. type S250 WLS
fibres, aluminised at the upstream end, were glued
in bundles and polished to an optical finish on the
rear side of the module.

All tiles had dimensions 157 x 156 x 3 mm?® and
were wrapped in a TYVEK envelope, the WLS fi-
bres running between scintillator and TYVEK on
both sides of the tiles. Measurements of tile sam-
ples using a (-source show uniformity of the light
response within 5% (Fig. 10.11).

LHCB HCAL PROTOTYPE

100 T e T

90 A

Sample No.6/3041. Y-Yc=2.6cm

Figure 10.11: The typical tile response (pulse
height, in arbitrary units) to a S—source scanned
between the two readout fibres.

The prototype detector contained a 8 mm di-
ameter stainless steel pipe through which a '37Cs
radioactive source could be hydraulically driven
(Fig. 10.12).
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Figure 10.12: The schematic view of the HCAL cal-
ibration system. The zoom illustrates the scintilla-
tors in the tile array with the vertical scale magni-
fied 10x compared to the horizontal.

Using FEU84 PMT’s, with a quantum efficiency
of 12-15%, a yield of 30-50 photoelectrons/GeV was
obtained. Tests of the prototype response at dif-
ferent energies show good agreement compared to
Monte-Carlo predictions using a GEANT simula-
tion of hadronic showers. Data were taken with
a Shashlik ECAL module placed upstream of the
HCAL. The scatter plot shown in Fig. 10.13 illus-
trates the combined ECAL and HCAL performance
in separating electrons hadrons and muons.

10.5 Photodetectors and

front-end electronics

The Preshower, ECAL and HCAL detectors gener-
ate fast secondary light signals by the conversion in
wavelength-shifting fibres of the primary scintilla-
tion of plastic plates. The signals from these detec-
tor elements will be digitised and channeled to the
data acquisition system according to the general
LHCb front-end electronics standards. They will
also be transmitted to the Level-0 trigger hardware.
The main difference between the three systems is

ECAL and HCAL BEAM TEST

ELECTRON, MUON AND PION SEPARATION at 50 GeV BEAM

Figure 10.13: Combined beam test of ECAL and
HCAL. Muons, electrons and pions are clearly sep-
arated.

their light yield. Common solutions for detector
readout will therefore be promoted, hopefully lead-
ing to cost-effective construction and simpler oper-
ation.

10.5.1 Phototubes:

The list of requirements for the photomultipliers is
given in Table 10.5. The light yield in the ECAL
cells will be in excess of 1000 photoelectrons per
GeV. The mean anode current has been chosen
small enough (5 pA) to ensure a gain degradation
of less than 10% per year of operation. WLS fi-
bres incorporating the K27 dye emit a light spec-
trum peaked at 490 nm. Phototubes with green-
extended photocathodes are therefore preferred.

The same requirements apply to the HCAL, but
the light yield will be of the order of 50 photoelec-
trons per GeV. The 0.1-300 GeV dynamic range
will be covered by operating the phototubes at a
higher gain.

The Hamamatsu R5600 and 5900 series meet
these requirements. They are compact, have good
timing properties, high limits on mean anode cur-
rent and good linearity.

Uniformity of the calorimeter response requires
the photocathode to be uniform over the area cou-
pled to the fibres or, if this is inadequate, the use
of a light mixer in front of the PMT window.

The high voltage supply has to provide for sta-
ble PMT operation at high particle rates up to 10



Table 10.5: Requirements for the ECAL photo-
tubes.

Inner Middle Outer

section section section
E. max 200 GeV | 100 GeV 50 GeV
<E> max/bx 0.12GeV | 0.015GeV | 0.024GeV
Light yld./GeV | 1200 p.e. | 1200 p.e. | 4500 p.e.
<Ia> <5uA <5uA <5uA
I, max 10 mA 27 mA 10 mA
gain <5%10% <4x10* <7%103

MHz. A Cockroft-Walton base can provide an av-
erage output current as large as 0.1 mA and cur-
rent pulse amplitude up to 200 mA. Several thou-
sand channels of such a system have been built and
tested for the HERA-B calorimeter.

10.5.2 Front-end electronics

Design requirements:

Taking into account the performance requirements
for the energy resolution of the calorimeters, a sin-
gle design with a limited dynamic range is foreseen.
The following conditions should be satisfied :

e Shaping within 25 ns to avoid pile up be-
tween consecutive bunch crossings. The noise
should be smaller than the digitisation error,

e Stable pedestal,

e 12-bit dynamic range. In the ECAL, the en-
ergy range covered will vary with the polar
angle:

— 50 MeV — 200 GeV for the inner region
— 25 MeV — 100 GeV for the middle region
— 12.5 MeV — 50 GeV for the outer region

No B-physics is lost at the high-energy
scale (there are almost no B events with
e ,v,7° above an Et of 10 GeV/c). At
the low-energy end the binning error of +
1.3 digits, which is obtained after pedestal
subtraction and clusterisation, will remain
negligible compared to the detector energy
resolution at 4 GeV, 2 GeV and 1 GeV,
respectively in the 3 calorimeter regions,

e Digitisation of the events at 40 MHz and their
storage in a 128-deep pipeline buffer provid-
ing 3.2 us latency,
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e An 8-bit transverse-energy measurement
must be supplied to the Level-0 trigger logic.

Analogue signal shaping:

Various solutions are being studied for the ampli-
fier shaper: a 5-fold 2.6 nsec integration (Gaussian
shaping), or delay-line-clipped integrator. Both
unipolar and bipolar versions are under study. The
final choice will result from a compromise between
critical timing (better for the unipolar delay-line-
clipped integrator) and baseline shift at high rate
(better for the bipolar Gaussian shaper).

A delay-line-clipped  shaping electronics
schematic, which incorporates a slow integrator for
calibration and monitoring purposes is displayed
in Fig. 10.14. This circuit generates a flat-topped
ouput pulse which is robust against jitter.

Calibr.
Out
In Delay ~15ns out1
D0 B 68p sl
R MW—=>

HFA1112

OPA660 I

AA
A4S

Signal Processing

Figure 10.14: Block diagram of delay-line-clipped
shaping electronics.

A custom designed implementation of front-end
electronics:

The system consists of front-end cards serving 16
channels (Fig. 10.15) and controller cards used to
read out 8 front-end cards. The front-end cards
contain, for each channel, an amplifier-shaper, a
12-bit 40 MHz ADC with adjustable strobe tim-
ing, a register to resynchronize the ADC’s output,
a 4 K memory used as a look-up table to correct
the pedestal, the gain, and possible nonlinearity. A
second memory is used to convert the ADC signal
to Et values, as required for the Level-0 trigger.
The memory is followed by a FIFO pipeline, 128
deep, which is used to store the signal for a la-
tency of 3.2 us. After the Level-0 strobe, data are
buffered and sent by a 48 line bus to a controller
card.

The amplifier-shaper would be built as an ASIC
for 4 channels. The remaining electronics use com-
mercial components. For example, the memories
are presently available as 8-bit 8K 40 MHz memo-
ries, the pipelines as 18-bit 256-cell FIFQ’s shared
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Figure 10.15: Schematics of a custom designed
front-end electronics chain.

between channels. The buffer and gate readout
would be implemented as one FPGA for 4 chan-
nels.

The readout card receives the data from 8 front-
end cards, transferred by multiplexing in 32 steps
after a Level-0 trigger. Channel address, bunch ID
and event ID information are added at this stage
(24 bits). It is followed by a 128-event buffer (which
could be implemented as 4 x 4 K 18 bit com-
mercial FIFO). Following a Level-1 trigger, data
would be zero suppressed and sent by a high speed
link to the DAQ. A single card in a crate can host
two controllers, each serving 8 readout cards (see
Fig. 10.16).

An implementation based on the FERMI system:

A solution considered for signal digitization and
processing is the digital FERMI system [15], suit-
ably adapted to LHCb requirements. Initially
designed for high precision calorimetry it is im-

crate data bus
48 lines

bunch ID

[ < eventID

address information

Level-1
Buffer
128 events

\

Level-1 /‘\:

zero.
suppression

Mto DAQ

Figure 10.16: Readout card; functional scheme.

plemented as a silicon-on-silicon multichip micro-
system with a variety of functional components lo-
cated on large Si substrates (~ 5 x 5 cm?) with 4
metal layers.

It could incorporate ADC, pipeline delay
(Level-0 and Level-1 buffers), trigger data extrac-
tion and service ASIC’s.

A number of FERMI microsystems can be
mounted on a board, with external circuitry pro-
viding the following functions:

e combine data from several FERMI’s into one
trigger-cell value which is transmitted to the
global Level-0 trigger processor,

e generate addresses at each clock signal, point-
ing at free storage locations for the sampled
input data and to generate the pointers re-
quired for readout,

e transfer data to the external front-end driver
units,

e initialize, control and supervise the FERMI’s.

Figure. 10.17 displays the general organisation
of this electronics chain.

The choice between the various possible
electronics designs will be made after thorough
assessment of their performance and costs.
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Figure 10.17: Schematic of the calorimeter elec-
tronics chain using the FERMI system.

Location of electronics:

All front-end electronics associated to the calorime-
ters will be housed in crates, close to the detec-
tors. Cable lengths between PMT and electronics
will be 6-8 m and the crates can be located where
the annual radiation dose should not exceed a few
hundred rads, allowing the use of standard compo-
nents.
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Chapter 11 Muon Detector

11.1 Introduction

The LHCb Muon Detector performs two functions,
muon identification and the Level-0 muon trigger
formation. The components of the Muon Detector
are shown in Fig. 11.1.

The muon detector contains a longitudinally
segmented shield to attenuate hadrons, photons
and electrons. The components of the shield com-
prise the electromagnetic and hadronic calorimeter
and four layers of steel. Five muon tracking sta-
tions, M1-M35, are situated as shown in Fig. 11.1.
To penetrate this shield and reach station M5 a
muon must have an energy of at least 6 GeV.
The technologies chosen for the muon stations are
Multigap Resistive Plate Chambers (MRPC) for
most of the coverage and Cathode Pad Chambers
(CPC) for regions which are subjected to the high-
est rates. Present data on MRPC’s indicate that
above 5 kHz/cm? the efficiency begins to decrease
significantly [1]. Based on a 5 kHz/cm? limit and
simulations of 14 TeV interactions in the LHCb
spectrometer, CPC’s will be used for the unshielded
M1 station and for instrumentation of the region
close to the beam in stations M2-M5.

11.2 Detector layout

11.2.1 The Muon shield

Table 11.1 gives the thicknesses of the shield and
other components of the Muon Detector. The over-
all thickness of the shield is constrained by the size
of the experimental hall and the position of the
LHC quadrupole close to IP8. The total weight of
the steel shield is approximately 1800 tonnes.

The muon shield and the muon stations are de-
signed so that the left and right halves of the muon
detector can be separated to allow access to the
beam pipe. In addition to the shield components
in Table 11.1, M2-M5 are protected from secondary
particles which emerge from the beam pipe. This
shielding extends from the beam pipe at 10 mrad
out to 12 mrad in both z- and y-projections. Addi-
tional shielding immediately behind M5 protects it
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Figure 11.1: Muon Detector Components.
Table 11.1: Muon Detector Components
Detector Composition Depth
Element m | z/Xo | 2/
M1 CPC 0.2
ECAL+Presh. Pb/Scint. 05| 27.7 | 1.3
HCAL Fe/Scint. 1.5 | 68.0 7.3
Shield-1 Fe 0.3 | 16.8 1.8
M2-5 MRPC/CPC | 0.4
Shield-2,3,4 Fe 0.7 | 39.3 4.2
Total Thickness 230 23

from backsplash from nearby LHC beam elements
and from hadrons and muons emerging from the
collider tunnel.

11.2.2 The Muon stations

Muon station M1 is positioned at 12.15 metres from
the interaction point, immediately in front of the
electromagnetic detector. The remaining four sta-
tions, M2-M35, are embedded in the muon shield at
average positions of 15.5, 16.6, 17.7 and 18.8 me-
tres from the interaction point. They fit into the
40 cm space available between the steel shielding



walls.

The angular coverage of the muon detector in-
volves a compromise between cost, geometry of the
required beam shielding, detector dimensions, sus-
tainable detector rates, trigger rates from 7 /K —
decays, and B — p acceptance. The inner and
outer acceptance (horizontal x vertical) have been
set to 25 mrad x 15 mrad and 294 mrad x 245 mrad
respectively.

The chamber technology used in the various re-
gions of the Muon Detector is determined by the
rates experienced by the detectors. The highest
rates are experienced in the M1 station which is not
protected by the shield. The MARS [2] program
was used to calculate the particle rates, including
hits due to neutrons, expected in the chambers.
The rates per cm? per interaction as a function of r,
the distance from the beam, are shown in Fig. 11.2
for stations M1 and M2. The rates in stations M3-
M5 are approximately one half those in M2. At
a rate of 5 kHz/cm?, the present MRPC technol-
ogy begins to lose efficiency and CPC’s, which can
withstand higher rates, are needed. The horizontal
line in Fig. 11.2 indicates the 5 kHz/cm? level at
a luminosity of 2 x 1032cm™2s~!. In stations M2-
M5 it is only the region near the beam where this
limit is exceeded. In M1 however, a significant area
exceeds the limit. In these regions CPC’s will be
used.

In spite of the relatively high rates in the small
angle region of the detector planes, the occupancies
are acceptable because each module has a 2D pad
structure. Even for M1, the occupancy is less than
10% beyond 60 cm (assuming a signal pulse width
of 100 ns). The occupancies in M2-M5 are below
10% everywhere.

Station M1 comprises a mosaic of four-layer
CPC modules. The four layers are required in or-
der to achieve single beam-crossing timing resolu-
tion and good efficiency for muon detection. Sta-
tions M2-M5 are a combination of four-layer CPC
chambers covering the angular region <60 mrad
and two layers of 4 x 0.8 mm gap MRPC’s cov-
ering the region beyond 60 mrad. Two layers of
MRPC per station are required for good efficiency.
The Level-0 muon trigger algorithm requires a hit
in all five stations. Since the Level-0 trigger effi-
ciency depends on the fifth power of the individual
muon station efficiency good efficiency is essential
in each station.

The size of the individual CPC chamber mod-
ules in the M1 mosaic is z x y = 2.4 m x 1.3 m.
Fourteen such modules are required. The central
region near the beam pipe is covered by two smaller
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Figure 11.2: Rates per cm?

muon stations M1 and in M2.

per interaction: in

modules which have maximum dimensions of 1.45
m X 1.3 m with a corner of each module removed
to allow for the beam pipe.

The MRPC module sizes scale with distance
from the interaction region. They vary from 2.2
m xX1.2m in M2 to 2.7 m x 1.5 m in M5. Twenty
four modules are required for each of the four sta-
tions. The CPC modules covering the beam region
will vary in size from ~1.6 m x 1.1 m at M2 to 2.0
m X 1.2 m at M5. Two modules of this type,with
corners removed, will be required per station.

The muon station modules will be attached to
steel support plates and hung from a rail system.
The modules on the left and right sides of each
station can be positioned precisely relative to one
another and withdrawn as units for servicing and
repair without requiring movement of the shield
walls.

11.2.3 The chamber pad structure

The necessity of forming the Level-0 muon trigger
within 3.2 ps requires a 2D pad structure in M1-
M5 so that muon 3D hit information is available
at the earliest possible time. The pad structure
required for the Level-0 muon trigger is referred to
below as the “logical” pad structure. The largest
logical pad sizes would generate unacceptable noise
and time slewing due to their capacitance. In these
cases, the logical pads will be divided into smaller
“physical” pads which will be ORed to form the
logical pad input signal to the Level-0 trigger.

In order to minimise the number of logical pads,
each of the five muon stations is divided into four
regions with different pad sizes. The pad sizes dou-
ble from region to region as one proceeds from the
beam to the outer edge of the detector, thereby ap-
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proximately equalising the occupancies and rates
experienced by pads in each region. Furthermore,
the r and y pad dimensions in each muon station
are scaled so that the pad configuration of M1-M5
is projective to the interaction point.

The z dimensions of the logical pads in stations
M1 and M2 are determined by the precision re-
quired to obtain good resolution of muon prt for
the Level-0 trigger. The y dimensions are deter-
mined by the required rejection of machine associ-
ated backgrounds [3] by pointing at the interaction
region in the y projection. Since more precision is
required in the bending plane (z) to determine the
muon pr than in the non-bending plane (y), a y/z
aspect ratio of two to one has been adopted for the
pads in M1-M2.

The logical pad sizes in M3-M5 are set by the
requirements of pattern recognition of penetrating
muons and the formation of triple coincidences.
The pad configuration for M3-M5 follows a sim-
ilar pattern except that the z pad dimension has
been doubled relative to that in M1 and M2, reflect-
ing the lesser spatial resolution required to find the
triple coincidences. Hence, M3—-M5 pads are square
but still project to the interaction point.

Following studies of the effects of pad sizes on
pattern recognition and Level-0 trigger rates and
efficiency, the pad structure shown in Fig. 11.3 has
been adopted for station M1. With this choice of
pad structure, stations M1 and M2 each have 12904
logical pads. Stations M3-M5 each have 6452 log-
ical pads. This results in a total of 45164 logical
pads to be transported to the Level-0 trigger.

For the reasons stated above, the large logical
pads in the outer regions will be divided into small
physical pads, ORed together locally at the indi-
vidual modules. Moreover, the pads from the dif-
ferent layers in one station must be combined. In
the case of the two-layer MRPC’s, an OR of corre-
sponding pads from each layer will be formed. For
the four-layer CPC’s, a 3 of 4 majority logic will be
formed using the corresponding pads from the four
layers. The OR and majority logic circuitry will be
sited at the periphery of the Muon Detector. The
total number of physical pads and, hence, discrim-
inator/amplifiers required for the Muon Detector
system is approximately 236000.

11.3 Chamber technologies

Two technologies have been chosen for the muon
station detectors: Cathode Pad Chambers and
Multigap Resistive Plate Chambers. Both CPC’s
and MRPC’s are under study as a part of the LHCb
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Figure 11.3: M1 logical pad configuration.

R&D programme.

11.3.1 Multigap Resistive Plate

Chambers (MRPC)

The interest of the LHCDb collaboration in multigap
resistive pad chambers has been generated by the
work of Williams et al. [4]. The MRPC resembles
the conventional RPC technology except that the
MRPC has more than one gap, and the gaps are
much smaller. The use of multiple narrow gaps
results in better timing and less streamer activity
in comparison to single-gap RPC’s. It is foreseen
to use MRPC chambers with four gaps of 0.8 mm
(see Fig. 11.4) in the LHCb muon stations M2-M35.

The resistive plates of the MRPC’s are 0.9 mm-
thick melamine-phenolic sheets with the melamine
forming a ~250um layer on either side. The cham-
ber operates at approximately 16.4 kV. It has been
shown [1] that this type of chamber, operated with
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Figure 11.4: Schematic section of one end of a
Multigap Resistive Plate Chamber (not to scale).

a gas mixture of 5% iso-C4Hig, 10% Argon and
85% CyFsH bubbled through water at 10°C, has
a >98% efficiency at a “flood” illumination of 5
kHz/cm?. The “time walk” of the leading edge of
the signals (for varying rates up to 5 kHz) is ap-
proximately 2 ns and the leading-edge time resolu-
tion (at a fixed rate) is a few ns. This allows single
beam-crossing resolution in stations M2-M5. A 5
kHz/cm? rate limit for M2-M5 has been adopted,
although it is expected that with “spot” illumina-
tion rather than “food” illumination, the MRPC’s
can withstand higher rates.

11.3.2 Cathode Pad Chambers

(CPC)

Cathode Pad Chambers are similar to the Cathode
Strip Chambers [5] which were proposed for the
muon chambers in the LHCb Letter of Intent [6]. In
Fig. 11.5 the cross section of the CPC under study
for LHCDb is shown. Each CPC chamber will be
composed of two such submodules, each containing
two layers. The anode wires, as shown in Fig. 11.5,
are placed asymmetrically in the 5 mm gas gap at
1 mm from the pads and 4 mm from the cathode.
The wires are stretched in the y (vertical) direction.
The wire diameter is 30 pm and the wire spacing
is 2 mm.

The cathode sheets are Cu-clad G10 glued to a
2 cm-thick honeycomb plate. Anode bars are fixed
on both sides of the cathode plane, and the wires
are wound such that both anode-wire planes are
formed on either side of the cathode plane at the
same time. The pad-plane boards are G10 clad
on both sides with 20 ym of Cu. The pad geom-
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etry is chemically etched on one side of the pad
plane and connected to electrical leads on the other
side of the board via electrochemically metallized
holes. The pad boards are glued to a honeycomb
plate with grooves which accommodate the zero-
insertion-force connectors, fixed on the pad boards,
and the flexible cables with front-end readout chips.

A possible gas mixture is 50-60% COz, 30% Ar
and 20-10 % CFy4. This provides a high drift veloc-
ity (80 pm/ns) and results in good aging proper-
ties, allowing operation up to 4C/cm (equivalent to
a rate of 50kHz cm~2s~! for ten years) with a gain
of 5x10*. With the CPC geometry as described,
the signal will be induced with high probability on
a single pad.

11.4 Front-End electronics

No special preamplifier design features are antici-
pated for the muon detectors. Bi-polar (BJT) am-
plifier /discriminators will be used since they are
relatively radiation hard and have lower voltage
noise than CMOS devices. Two possible candi-
date chips are the Penn ASD8 and the Rutherford
RAL110. The Penn ASDS preamplifier can operate
at a threshold of 1 fC with a 50 pF input capaci-
tance. It has previously been used with MRPC’s.
In the present chamber design the maximum phys-
ical pad size is approximately 50 cm?. This corre-
sponds to a capacitance of <75 pF in both MRPC’s
and CPC’s. No special pulse shaping of the pream-
plifier output is anticipated. Even for the largest
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physical pads of the MRPC’s, peaking times of less
than 10 ns are expected. The peaking times for
the CPC’s will be somewhat longer. The MRPC
and CPC pads will be connected to the preampli-
fier chips using 10012 leads.

Taking into account the number of layers in
each muon station, the number of physical pads is
about 78000 in M1, 47000 in M2 and 37000 in each
of M3-M5, giving a total count of 236000 pream-
plifier and discriminator channels. These will be
mounted at the edge of each module. Appropri-
ate combinations (as described in Section 11.2.3)
of the physical pad signals will be made locally, on
the chamber modules, to form the 45164 logical pad
signals used for the Level-0 muon trigger.

The radiation levels in stations M2-M5 are less
than 1 krad per year at the positions of the pream-
plifiers and discriminators and no special radiation-
resistant electronics are required. For station M1
the situation is more demanding, with an expected
radiation level of 10-30 krad/year, depending on
where the preamplifiers can be positioned. Radi-
ation tolerant electronics may be required for this
station.

It is foreseen to transmit all logical binary sig-
nals in parallel to the Level O trigger processor.
A delay trim device that compensates for differ-
ent lead and cable lengths is needed to equalise the
arrival times of these bits at the Level-0 trigger
and the Level-0 data pipeline. The Level-0 trigger
and pipeline for the muon detector will be located
close to the detector and transmission to these de-

vices will be at 40 MHz in differential current mode
via ~10 m length twisted-pair cables. The flow
of the pad information from the detector to the
Level-0 trigger and the Level-0 pipeline is shown in
Fig. 11.6.

The movement of data after the Level-0 pipeline
follows the standard philosophy common to the var-
ious LHCb detector components. The 45K bits
will pass into a derandomising buffer, the output
of which will then be multiplexed by 32:1 into a
zero suppression/encoding stage. The time esti-
mated for the encoding process is 10 ns per hit
which leads to a negligible deadtime. The encoded
events are then passed to the Level-1 trigger and
FIFO buffer. On receipt of a Level 1 trigger, the ap-
propriate event is extracted from the FIFO buffer
and routed to Level 2 in the counting room. For the
muon detector, the pipeline, derandomising buffer,
32:1 multiplexer and encoding electronics are close
to but not on detector. These issues are discussed
more fully in Ref. [7].

11.5 Performance

11.5.1 The Level-0 muon trigger

If the muon pt threshold is set to a relatively small
value (pr >0.7 GeV/c) then about 3.0% of the
minimum bias interactions will be retained while
achieving an efficiency for B — p + X within the
muon detector acceptance of 50%. This minimum
bias retention corresponds to a Level-0 muon trig-
ger rate of 150 kHz at an LHCb luminosity of
2.0 x 10*2cm~2s™! (assuming the LHCb multiple-
interaction crossing veto selects the 31% of beam
crossings which have only one interaction). Alter-
natively, the minimum bias trigger rate can be re-
duced below 1%, corresponding to a B — pu ef-
ficiency of 28%, by raising the Level-0 muon pr
threshold to 1.6 GeV/ec.

11.5.2 Muon identification

For the purposes of evaluating the muon identifi-
cation efficiency and the B— p misidentification
probability, a “good muon” is defined in the Muon
Detector by a triple coincidence associated with a
combination of M1-M2 hits in a given search win-
dow. A track segment downstream of the magnet
is then identified as a muon if that track segment
is the one that points closest to the centre of the
pad in station M1 that is hit by this good muon.
There are hit configurations that satisfy the
“good muon” criteria given above but do not re-



sult from true muons. Hadron punch-through con-
tributes to such a false muon signal (but causes no
loss of efficiency for B events). Preliminary esti-
mates of this background indicate that it is negli-
gible.

A more serious problem is the case in which a
true muon produces a good muon signature in the
Muon Detector but is not connected to the correct
upstream track due to multiple scattering or to pat-
tern recognition problems. This can contribute to
the wrongly-tagged class of B decays. This problem
was investigated for two different classes of muons
from B— p decays: those that cause a trigger and
those that do not (because they are below the trig-
ger pr cut, which is set to 1.0 GeV/c). The second
class of muon may be used as a tag in the event,
even though it does not cause a trigger. The per-
centage of B— p that satisfy the Level-0 trigger but
have a wrong association is ~2%. The percentage
of B— p that do not cause a trigger, that can be
used as a tag, but have a wrong association is 9%.

11.6 Future R&D

Further R&D is planned for the muon chambers in
the following areas:

e high rate performance of both CPC’s and
MRPC’s

o charge sharing in both the CPC’s and
MRPC’s for the lcmx2cm pads

e cross talk, noise and time slewing for the
larger pads to verify that single-bucket res-
olution can be achieved

e efficiencies and time resolutions for the two
chamber technologies.

It will also be important to determine the de-
pendence of chamber performance on construction
techniques and materials. A two year programme
of beam tests with a series of prototypes will be
carried out by the LHCb collaboration, beginning
in summer 1998.
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Chapter 12 Trigger

12.1 Introduction

Level-0 and Level-1 algorithms use localised detec-
tor components for fast decisions, and this is shown
schematically in Figure 12.1. In most cases the de-
tector information is delivered with a reduced res-
olution.

Transverse momentum can be quickly measured
by the calorimeter system for hadrons and elec-
trons, and by the muon system for muons. In total,
the number of channels to be read for the pr algo-
rithm is about 60k. The high-pr trigger is there-
fore applied first (Level-0). Events with multiple
pp interactions, which are difficult to analyze, are
also rejected at Level-0 by a pile-up veto. This is
based on counting the number of primary vertices
and measuring the total energy. The over all rate
reduction factor of Level-0 is about 40.

Identification of detached vertices is more com-
plicated and requires more time. It is therefore ap-
plied at the next trigger level, Level-1. Events are
selected based on the impact parameters of tracks
and reconstructed secondary vertices, as measured
with the vertex detector. The high-pt tracks found
by the Level-0 trigger are also re-examined using
the tracking system. The overall rate reduction
factor of Level-1 is ~25.

The DAQ system reads event data at the Level-
1 output rate of 40 kHz. The goal is to write events
to storage at a rate of 200 Hz. The high level trig-
gers will reduce the rate from 40 kHz to 200 Hz,
the data recording rate, in 2 stages. In the first
stage (Level-2), fast algorithms acting on partial
event data are used, based on combining vertex and
tracking detector data at full resolution. The goal
is to reduce the rate to 5 kHz, by improved vertex
reconstruction. In the second stage (Level-3), com-
plete event data are used and full B-decay analysis
is performed to select interesting B physics chan-
nels.

The trigger system has been designed to be flex-
ible, robust and efficient. Events are selected by
various criteria that can be easily adjusted accord-
ing to the experimental conditions. There is no
strong dependence on a particular trigger compo-
nent, and the rate reduction is fairly evenly spread
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Figure 12.1: A schematic view for the LHCb Level-
0 and Level-1 trigger with the detector components
used in the algorithms.

over the four trigger levels. Trigger conditions are
optimized to select interesting B events with a high
probability of being reconstructed offline.

12.1.1 Level-0

The Level-0 trigger has an input rate of 40 MHz
and an output rate of ~ 1 MHz. It is based on
the identification of leptons, hadrons and photons
with high-pr in calorimeters and muon chambers,
combined with a pile-up veto. The pile-up veto
unit identifies bunch crossings with more than one
pp interaction using a dedicated piece of the vertex
detector system and the calorimeters.

The Level-0 decision unit decides whether an
event is kept for the next level. A bunch crossing
with a high probability of containing more than
one pp interaction is rejected. About 90% of the
output rate is given to events with a single high-pr
muon, electron or hadron. The pt thresholds can
be adjusted according to physics needs. At present
it is assumed that they share 20%, 10% and 60% of
the total trigger rate, respectively. The remaining



10% of the output rate is reserved for events with
a single high-pr photon, multi-leptons and some
other combinations. Examples of decay channels
that can be selected by the single high-pr triggers
are as follows:

e: b — e+ X (flavour tag!)
B — J/y(ete) +X

u: b — p+ X (flavour tag)
B = J/p(ptpm)+X

h: Bg —rtr=, BY - DFK-
v: BY — K*0y

In the case of a positive decision, the Level-0 de-
cision unit passes the information on the high-pr
particle to the Level-1 track trigger to be used as a
seed in the tracking algorithm. The same informa-
tion is also given to the Level-1 decision unit. The
Level-0 decision unit is programmable so that the
selection criteria can be easily changed to reflect
physics interests.

12.1.2 Level-1

The Level-1 trigger has an input rate of ~1 MHz
and output rate of ~ 40 kHz. It is based on two in-
dependent systems, the vertex trigger and the track
trigger. The maximum latency of Level-1 is 256 us,
which allows sufficient time to run sophisticated al-
gorithms providing a high selection efficiency.

A key feature of b quark events is the exis-
tence of displaced secondary vertices, and this is
exploited by the vertex trigger using the vertex de-
tector. After reconstruction of the primary ver-
tex, tracks with a significant impact parameter to
this vertex are selected. A secondary vertex search
looks for combinations of pairs of those tracks that
are close in space. The output of the vertex trigger
is an event probability based on the number of sec-
ondary vertices found and on their separation from
the primary vertex.

A significant fraction of the events passing the
high-pr triggers is due to muons produced by parti-
cles decaying in flight, electrons from ~y-conversion
and overlapping showers simulating highly ener-
getic single particles. The tracking trigger aims
to refine the Level-0 trigger by adding information
from the tracking system. Starting from the Level-
0 seeds in the calorimeter and the muon systems,
corresponding tracks are searched for using a sim-
plified Kalman filter algorithm. Events are rejected

IThis is defined in Chapter 15.2
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if no corresponding track is reconstructed. Addi-
tional rejection power can be obtained by applying
a cut on the reconstructed transverse momentum.

The Level-1 decision unit decides whether an
event is to be read out by combining the results
from the vertex trigger and tracking trigger. The
vertex trigger alone can deliver the required rate
reduction with a high efficiency for b events trig-
gered by the Level-0 single high-pr triggers. How-
ever, the additional reduction provided by the track
trigger gives an extra safety factor. For the rate cal-
culations in this document, it is assumed that only
the vertex trigger is used.

12.1.3 Trigger Levels 2 and 3

Algorithms for both Level-2 and Level-3 triggers
run in farms of commercial processors. Level-2 re-
duces the number of events without b-quarks by a
factor of eight to ~ 5 kHz by refining the vertex
trigger. Fake displaced secondary vertices are gen-
erated by low momentum tracks due to significant
multiple scattering. By adding momentum infor-
mation for the tracks forming the secondary ver-
tices, rejection of non-b events is greatly improved.

The Level-3 trigger further reduces the data
rate by a factor of 25 to ~ 200 Hz. The events
reaching the Level-3 stage consist of bb, ¢t and
light quark events in a ratio of about 1:2:1. The in-
clusive bb rate is thus 1.3 kHz and already exceeds
the Level-3 output rate by an order of magnitude.
At Level-3, it is therefore necessary to reconstruct
specific b-hadron decay modes using all the detec-
tor components, including the RICH.

12.1.4 LHCD trigger performance

The performance of the trigger is best demonstrated
by quoting the trigger efficiencies for events where
the decay final states are fully reconstructed in the
offline analysis. If the final states are not self-
tagging, a correct flavour tag is required in addi-
tion. Table 12.1 shows the trigger efficiencies for
those “useful” b-quark events with five selected de-
cay modes, which are sensitive to different angles
of the unitarity triangles. The Level-0, -1 and -
2 triggers are applied consecutively. The Level-3
trigger does not introduce any additional loss for
the signal events.

12.2 Optimal luminosity

The LHC operates with a nominal bunch crossing
frequency of 40 MHz. The Level-0 pipeline of the
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Table 12.1: Trigger efficiencies of Level-0, -1 and -2 for events where the final state is reconstructed offline
and its flavour is correctly tagged, for non-specific flavour final states. Level-0, -1 and -2 triggers are

applied consecutively.

Decay Mode Physics | Level-0 | Level-1 | Level-2
BY — mtr + right tag B+ 0.76 0.48 0.83
Bg1 - J/z/J(eJre’_)Ks + right tag B 0.72 0.42 0.81
BY — J/¢(utp™)Ks + right tag Ié] 0.88 0.50 0.81
BY — DFK™ + right tag ~v—20y| 054 | 056 | 092
BY — DOK*0 0% 0.37 0.59 0.95

Probability

10 10° 10°

Luminosity [cm-2 s-1]

Figure 12.2: Probabilities for having 0,1,2,3 and 4
pp interactions per bunch crossing as a function of
the machine luminosity at LHCb.

front-end electronics is clocked at this frequency.
With the displaced interaction point of LHCb, only
2649 of the 3564 bunches, i.e. 74.3%, will collide [1].
The average bunch-bunch crossing rate at IP8 is,
therefore, 30 MHz. Figure 12.2 [2] shows the prob-
abilities for having zero, one, two, three and four
pp interactions per bunch crossing as a function
of the machine luminosity, where the inelastic pp
cross section is assumed to be 80 mb. The num-
ber of bunch crossings with one pp interaction is

maximum at ~ 4 x 1032 cm—2 s~ 1.

Compared to events with one pp interaction,
those with multiple pp interactions are more dif-
ficult to reconstruct due to the increased particle
density. In the forward region, the decay length
of a B-meson is mainly given by the momentum

component along the beam direction, z. Since the
spread of the primary vertex along the z direc-
tion is large, 0, ~ 5 cm, the z coordinate of the
B-meson production point becomes ambiguous if
there is more than one primary vertex per bunch
crossing. This makes it difficult to measure the de-
cay length of a B-meson. The flavour tag with the
decay products from the accompanying b-hadron
also becomes difficult. Moreover, the high-pr trig-
gers retain a higher proportion of multiple interac-
tion bunch crossings than single interaction bunch
crossings, the retention factor being almost propor-
tional to the number of interactions. Therefore,
given that the trigger accept rate is limited, the
rejection of pile-up events is essential in order to
maximize the number of triggered bb events.

Other important factors influencing the choice
of the running luminosity are the radiation damage
that may result, and the occupancy of the detec-
tors.

Taking all these points into account, the aver-
age running luminosity of the LHCb experiment
has been chosen to be 2 x 102 ecm~2s~!. Bunch
crossing rates with only one, and with more than
one, pp interaction are 9.3 MHz and 3.0 MHz, re-
spectively. With the pile-up veto, these rates are
reduced to 8.92 MHz and 0.6 MHz, respectively. In
order to achieve the Level-0 output rate of 1 MHz,
a rejection factor of ~ 10 is required for the trig-
gers from the non pile-up bunch crossings. The
detector is designed to withstand a luminosity of
5 x 1032 em~2s~! for short periods.

12.3 Level-0 Trigger

12.3.1

Electron Trigger: The primary purpose of the
electron trigger is to identify prompt electrons from
B decays by searching for clean isolated electron

Calorimeter triggers
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showers with high transverse energy (Er). The
main backgrounds come from conversion electrons,
photons and hadrons. The detectors used are the
electromagnetic calorimeter (ECAL), the preshower
detector and the pad chamber in front of the ECAL
(M1). What follows is a description of the algo-
rithm that uses energy clusters defined by 3 x 3
cells. An alternative algorithm using 2 x 2 cells is
described in the implementation section.

1. ECAL 3 x 3 clusters are found using a pro-
cedure in which the central cell is required to
have more energy than any of its eight neigh-
bours. Clusters are required to be above some
minimum energy, typically 3 GeV, depending
on the minimum E+ cut finally applied.

2. The centre-of-gravity of the cluster is calcu-
lated in both the z and y coordinates. For the
remainder of the algorithm this defines the
cluster position, and the candidate’s trajec-
tory is assumed to be a straight line between
the interaction region and this point.

3. Hits are required in the pad chamber (M1)
in positions corresponding to the candidate’s
trajectory. The granularity of the pad cham-
ber matches that of the ECAL in the non-
bending plane, but is twice as fine in the
bending plane. A window of one pad is used
for the former, and two for the latter.

4. An energy deposition above that produced
by three minimum ionising particles is de-
manded in the preshower cell along the can-
didate’s trajectory.

5. The energy (E.) of the central cell is required
to be at least 40% of the total energy of the
cluster(Ey).

6. The Et of each cluster is calculated. For this
calculation, the energy has been calibrated
according to the region of the calorimeter in
which the cluster lies. The single particle
electron trigger is defined by requiring that
the Er of the leading cluster exceeds a given
threshold.

The effect of these successive cuts can be seen in
Table 12.2, for events containing a semi-leptonic B
decay to an electron, where the electron lies within
the acceptance of the electromagnetic calorimeter,
and for inelastic pp interactions. It should be noted
that the geometrical acceptance for the electron to
hit the calorimeter, in these events, is 16%. The
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Figure 12.3: Variation in electron trigger efficiency
as a function of Ep threshold for signal and in-
elastic pp interactions. Curves are shown for both
B — eX events, with the electron within the elec-
tromagnetic calorimeter acceptance, and BY —
J/¢(ete)Ks events reconstructed offline.

Er threshold has been chosen to achieve a sup-
pression of ~ 100 for inelastic pp interactions. To
illustrate the full spectrum of performance avail-
able, Figure 12.3 shows the variation in signal effi-
ciency against retention of inelastic pp interactions
for such events, and for B§ — J/¢(ete™)Kg events
where J /9K is reconstructed offline.

Note that this algorithm uses no information
from the hadron calorimeter. The preshower alone
provides powerful hadron rejection and no signif-
icant further suppression is achieved by using the
hadron calorimeter in addition [3].

It can be seen from Table 12.2 that the most im-
portant contribution for non-b events passing the
trigger is electrons from photon conversions. Fig-
ure 12.4 shows the distribution of the z coordinate
of these conversion points and reflects the position
of the detector material. The description of the
material in the simulation program is based on con-
servative estimates for all detector components.

Photon Trigger: High-Er photons can be se-
lected with a small modification to the electron
trigger algorithm [4]. Firstly the pad chamber should
have no hits (step 3). Secondly a significantly higher
Er threshold must be applied as compared to the
electron trigger (step 6). For example, inelastic
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Table 12.2: Number of clusters per event passing successive stages of the electron trigger, for signal and
for background events. All the signal events have an electron within the acceptance of the electromagnetic
calorimeter, whereas the inelastic pp interaction events are generated over 47. Both samples are made

up of 10k events.

B - eX Non-b
Contribution from 5y e h ¥ e h
All ECAL Clusters with E > 3 GeV || 6.4 4.2 9.8 5.3 2.9 9.0
Pad chamber hit found 0.75 2.7 3.2 0.51 1.80 2.9
Preshower > 3 MIP 0.57 | 24 0.67 0.37 1.50 | 0.59
ECAL E./Ey > 04 0.52 | 2.20 | 0.41 0.34 1.40 | 0.36
ECAL Et> 2.34 GeV 0.028 | 0.160 | 0.005 {| 0.002 | 0.005 | 0.003

60 -

0 200

400 600 800 1000 1200

Distance from IP [ cm ]

Figure 12.4: Origin in z of gamma conversions pass-
ing the electron trigger.

pp interaction events are suppressed by a factor
of ~ 150 with a cut at 4 GeV. Therefore, the effect
of the photon trigger on the overall trigger rate is
negligible. The physics potential of this trigger is
discussed in Chapter 15.10.

Hadron Trigger: Accepting events with high Er
clusters in the hadron calorimeter (HCAL) efficiently
selects B decays to hadronic final states, such as
BY — 7t7~ or B — D77 where at least one
stable hadron can have high-pr. The algorithm is
as follows:

1. A search is made for HCAL 3 x 3 clusters with
an identical algorithm to that used in the
ECAL for the electron trigger. The higher Et
thresholds of the hadron trigger, compared to
that of the electron trigger, mean that only
clusters of > 5 GeV need be considered.

2. The cluster’s position and trajectory is calcu-
lated as for the electron trigger.

3. ECAL 3 x 3 clusters lying on the candidate’s
trajectory are added to obtain the total trig-
ger cluster energy.

4. The Et of each cluster is calculated. The
single hadron trigger is defined by requiring
that the Ep of the leading cluster exceeds a
given threshold.

This simple algorithm gives a good separation
between signal and background. Figure 12.5 shows
the trigger efficiency as a function of the cut on the
reconstructed Bt for b-quark events with B} —
atn~ and BY — Dg 7T decays, where the final
states are reconstructed offline and correctly flavour-
tagged. As expected, the lower multiplicity decay
has higher efficiency. Also indicated is the suppres-
sion the cut gives on inelastic pp interaction events.
It can be seen that a cut at Etr~ 2.4 GeV retains
60% of the B} — m7~ events while suppressing
background by a factor of ~ 17. This performance
is significantly better than is achievable by the lep-
ton triggers in this channel.

It is possible to simplify the algorithm still fur-
ther without suffering from a dramatic loss in per-
formance. Neglecting the ECAL contribution to
the trigger cluster, an Et cut providing a factor 30
suppression of inelastic pp interactions gives a trig-
ger efficiency of 28% for b-events with B — 77~
decays.
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Figure 12.5: Performance of the hadron trigger as
a function of Et cut. Signal efficiency is shown for
BY — ntr~ (solid circles), and B? — Dy nt (solid
triangle). Suppression for inelastic pp interactions
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Rather than performing a centre-of-gravity cal-
culation, the cluster coordinates can be approxi-
mated by the position of the central HCAL cell
with negligible change in Et discrimination. How-
ever, the more accurate procedure is retained for
uniformity with the electron trigger, and to provide
a more precise seed for the Level-1 track trigger.

A modest energy resolution of ~ 80%/\/E is
sufficient [3]. The hard pr spectrum of hadrons in
the decays of interest allows Er thresholds to be
set high above the steeply falling pr spectrum of
particles in the non-b events.

Figure 12.6 shows the true pr spectra of the
leading hadron in b-events with B — 77~ . Also
shown are the equivalent spectra for those inelastic
pp interaction events passing a cut on the recon-
structed Et of 2.4 GeV. A significant fraction of
those clusters in the non-b events passing the trig-
ger are of genuinely high-pr. Occasional overlaps
lead to a few fake triggers from low-pr tracks.

Hardware implementation using 3x 3 clusters

Three different approaches are being studied in or-
der to demonstrate the feasibility of implement-
ing the Level-0 high-pr trigger. Two approaches
attempt to reuse existing hardware architectures
for which expertise is contained in the collabora-
tion. The first of these uses a general purpose pro-
grammable device, called 3D-Flow, which is based
on an assembly of programmable ASICs. The sec-
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events after a cut on the reconstructed ET of 2.4

GeV.

ond uses processing units based on those designed
for the HERA-B pretrigger. An alternative method
has been studied, based on a slightly different algo-
rithm using energy clusters defined by 2 x 2 cells.

3D-Flow: Although not a commercial product,
“3D-Flow” [5] is a general-purpose system based
on a microprocessor ASIC, specifically designed for
High Energy Physics experiments. In a typical ap-
plication, a 3D-Flow system consists of a set of pro-
cessors assembled into planar layers (Figure 12.7),
each processor being directly associated with one or
more detector elements. Given that the algorithm’s
execution time in the processors is in general larger
than the time separation between successive events,
25 nsec, several layers of processors are stacked to-
gether, with successive events being routed to suc-
cessive layers. The total number of layers required
for a given application depends on the total num-
ber of clock cycles required to execute the desired
algorithm, the clock rate of the processor and the
event input rate.

A 3D-Flow processor operating at 80 MHz is
envisaged for our application [6]. A 40 MHz input
rate and an algorithm requiring 10 instructions, for
example, would then imply a stack of five separate
layers. Input-output (I/O) of the 3D-Flow operates
with 16 bit words. Running at 80 MHz, a maximum
of 2 words (32 bits) can be brought in or taken
out of the processors when working at the 40 MHz
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Figure 12.7: A schematic view of the 3D-Flow trig-
ger processor system.

event input rate.

After processing data within one processor layer,
further processing takes place only for the frac-
tion of events where potentially good trigger can-
didates are found. Information from the specific
processors that have found data of interest must
be routed down to a single final processor. To
achieve this, a stack of processor planes is followed
by a sequence of processor layers, each layer con-
taining four times less processors than the previ-
ous layer, in a pyramid-like structure. The rele-
vant data trickles through this cascade of proces-
sor planes, until it reaches the apex of the pyramid,
where it is made available to the final trigger deci-
sion logic.

Four processors are integrated into one ASIC
structure. Some important characteristics of the
processor are as follows:

e A 128 bits-wide instruction word allows con-
current operation of the processor’s internal
units (Arithmetic Logic Units, Look Up Ta-
bles, I/O busses, etc.) in a single clock cycle.

e A strong I/O capability is built around four
bi-directional ports (North, East, South and
West) and two mono-directional ports (Top
and Bottom). All of the ports can be ac-
cessed simultaneously within the same clock
cycle. N, E, S, and W ports are used to
exchange data between processors associated
with neighbouring detector elements within

1Uo

the same layer. T and B ports receive in-
put data and transmit results of calculations
along successive layers.

e A built-in pipelining capability is realized us-
ing a “bypass mode”. In bypass mode, a pro-
cessor will ignore data at its Top port, and
automatically transmit it to the Top port of
the processor in the next layer. This feature
therefore provides an automatic procedure to
route the incoming events to the correct layer.

Another important property of the processors is
that they can be individually accessed via an RS-
232 line by a supervising host. This gives the possi-
bility to perform continuous monitoring of the sys-
tem performance, to download test programs and
verify their results. This, together with the intrin-
sic properties of programmability, modularity and
expandability, constitute the appeal of such a sys-
tem.

In the case of the LHCb calorimeter trigger, the
amount of data to be examined at the input rate of
40 MHz is rather large, namely the ~6000 ADC
channels from the ECAL and the corresponding
preshower data and the pad chamber, amounting
to ~12000 bits. However, data from most cells can
be discarded with simple checks. These must be
applied on the full detector granularity, each cell
requiring a dedicated processor working in parallel
with its neighbours. A small subset of processors,
working on reduced event samples, are required to
execute the final steps of the algorithm.

In the first stage, the input to the processor is
a 16 bit word containing the encoded information
generated by the front-end electronics, i.e. 7 bits
of calibrated ECAL energy data, 1 bit of preshower
information and an 8 bit pattern of the relevant el-
ements from the pad chamber. Since up to 32 bits
of input data can be handled by the 80 MHz pro-
cessor, HCAL information can be easily included if
required.

Upon reception of the input word, all of the
~6000 processors execute in parallel the following
steps:

1. Gather the 8 energy values from the neigh-
bouring cells. This is performed concurrently
with the broadcast of the processor’s own en-
ergy value to its 8 neighbours.

2. Compute the total energy sum of the 3 x 3
array.

3. Calculate the energy asymmetries, for subse-
quent determination of the point of impact;
Az :Ew—EE and Ay:EN—Es.
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4. Test whether the energy of the central cell is
larger than any of its neighbours.

5. Test whether the 3 x 3 energy sum is above a
given Et threshold.

This set of operations represents the minimum
number of steps required to compute all of the
quantities needed in the second stage. The second
stage is performed by a greatly reduced number
of processors, given that the number of clusters is
reduced to less than one per event. Simulations
show that, by applying an Et cut of 1.5 GeV, the
number of cluster candidates is about 0.3 per single
inelastic pp interaction.

These steps can be accomplished in 6 instruc-
tions with the 3D-Flow processor. At this point,
only the processors that found useful clusters need
transmit their data along the pyramid for further
processing. The output data is packed into two 16
bit words carrying the following information: 3 x 3
energy sum, energy of the central cell, A;, A,, the
pre-shower and pad chamber bit maps. Preparing
the processor for the next cycle and branching re-
quires two more cycles and so the total cycle count
is therefore 8. This requires the depth of the first
stage of the 3D-Flow system to be 4 layers, each
containing 5952 processors.

Before entering the pyramid, a dedicated ad-
ditional layer of processors is needed to add the
cell ID and the bunch crossing ID (time stamp).
Given that the data is now sparsified, the 32-bit
per bunch crossing constraint on I/O no longer ap-
plies. A smaller set of 64 processors located near
the pyramid’s apex can then perform the final steps
of electron and photon recognition:

1. Test whether the central cell contains a size-
able fraction of the total energy.

2. Compute A,/Ey and A,/Ey and use results
to get bit masks to compare with the pad
chamber pattern.

3. If a match is found and the preshower bit is
set then a good electron candidate has been
found.

4. If there is no match with the pad chamber,
a good high-Et photon candidate can form
a trigger, providing a higher threshold condi-
tion is satisfied.

The total execution time is the sum of the ac-
tual computation times (stage 1 + stage 2) and
the worse case transmission time along the pyra-
mid. Our simulations show the total to be less
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Figure 12.8: Hardware implementation for the

ECAL and HCAL Level-0 trigger using HERA-B
electron pretrigger processing units.

than 1.5 ps, which falls within the allocated time
of 2 us for the execution of the algorithm.

The operation of the hadron trigger is much
more straightforward, since the algorithm requires
only the 3 x 3 energy sums of ECAL and HCAL
and threshold checks. Moreover, the total num-
ber of HCAL trigger channels is 1/4 of the ECAL.
The most economical solution is to have a separate
set of processors dedicated to the hadron trigger.
Simulation of the hadron trigger shows that the al-
gorithm can be executed in 8 processor instructions
requiring a stack of 4 layers with ~1500 processors
each.

Application-specific hardware: The electro-
magnetic calorimeter and electron trigger algo-
rithm of the HERA-B experiment are very similar
to those of the LHCb experiment. Therefore an
implementation of the Level-0 electron trigger is
being studied based on processing units similar to
those developed for the HERA-B electron pretrig-
ger [7]. The architecture is shown schematically in
Figure 12.8.

The digitised energy information already cali-
brated from ECAL (HCAL) front-end electronics
is sent to electron (hadron) processing units [8].
These units produce streams of bits (“messages”)
containing the shower energy, calculated on a 3 x 3
cell matrix, and the centre of gravity of the shower.
The message also includes the addresses of Regions
Of Interest (ROI), which indicate where to look for
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Figure 12.9: Electromagnetic and hadronic Level-
0 trigger concept developed on the basis of the
HERA-B trigger system. The shaded areas on
preshower and pad chambers show schematically
ROT addressed by the electron and hadron Level-0
trigger units.

the preshower and pad-chamber hits (Figure 12.9).

When an electromagnetic (hadronic) shower can
didate is found, the corresponding cluster energy in
HCAL (ECAL) is added to the message. This can
be implemented on the HERA-B trigger boards,
which extract the total energy information of the
3 x 3 cell matrix from other boards [8].

In the next step, the messages formed in the
ECAL (HCAL) processing units are used to address
ROTI’s in the preshower and pad chambers. This is
done by the processing units shown schematically
in Figure 12.9. These units [7] are a straightforward
extension of the HERA-B Track Finding and Track
Decision Units [9]. They are formed by two distinct
logic blocks:

¢ Hit Finding Unit (HFU): The hits of the
preshower and the pad-chamber are stored
in a Dual Ported RAM (DPRAM) using the
bunch crossing number as an address. The
string of hits addressed by the ROI’s are ex-
tracted from these memories and sent to a
look-up table that gives as output a preshower
flag, a pad-chamber flag and a correction to
the particle direction evaluated by the ECAL
(HCAL) trigger processing unit.

e Trigger Decision Unit (TDU): This eval-
uates a particle ID (electron, photon, hadron)
and applies a loose cut on Et. Information
is then sent to the Level-0 decision unit.

In the trigger architecture studied, the look-
up table based processors allow great flexibility in
the trigger algorithm and in system debugging. A
change of the granularity of the detectors can be
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handled by increasing (or reducing) the number
of processing units. The electronics modules al-
ready constructed for HERA-B can be taken as a
starting point for the implementation of the sys-
tem. Implementing an ASIC version of the main
logic functions seems to be technically feasible and
affordable.

Hardware implementation using 2 x2 clusters

An approach to the electron trigger has been stud-
ied that places emphasis on ease of implementation,
both from the point of view of integrating trigger
and front-end electronics and also the connectiv-
ity required between processors implementing the
trigger algorithms. The basic idea is to reduce the
large multiplicity of channels by performing first
a local search for hot spots, and then collecting
these hot spots to check if the trigger conditions
are fulfilled. The “local” processing will be done on
the cards housing the readout components (ADC,
FIFO, and Level-1 buffer) to avoid extra cabling.
A similar approach can be applied to the HCAL
trigger.

Algorithm The procedure is somewhat different
from the one described in the previous section.
Firstly, a cluster consists of 2 x 2 cells instead of
3 x 3. This decreases significantly the number of
connections between calorimeter cells that have to
be made in the electronics, and gives only a small
loss of energy. The fraction of energy in the 2 x 2
area is about 0.93 for the 4 x 4 cm? cells and 0.97
for the 8 x 8 cm? cells, while the shower is fully
contained in the 16 x 16 cm? cells. This leakage
effect can be corrected for.

The energy of each cell is converted to trans-
verse energy using the position of the cell’s centre.
The transverse energies are then added in each 2x 2
area, and only these sums are used in the following
steps. The local maximum in the transverse energy
sums is searched in a small area of the calorimeter,
small enough to avoid a large Et photon or 7°
overlapping the good electron, but large enough to
have a manageable number of such areas in total.
The local area is chosen to be a square of 8 x 8
calorimeter cells of the same size, called a “block”.
Due to the complex geometry, some blocks are in-
complete. The 2 x 2 sums are also performed across
block boundaries, except at the boundaries where
the cell size is changing. This seems too difficult to
implement, and affects only a small fraction of the
calorimeter. The total number of blocks is 106 in
the current version.
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Figure 12.10: Schematic view of the electron trigger
based on 2 X 2 cluster.

The preshower and the pad chamber informa-
tion are accessed, but only for the local maximum
of each block. The same 2 x 2 area in the preshower
is summed, and compared to a threshold. The pres-
ence of a hit in the pad chamber is searched in the
corresponding area, or a smaller area corresponding
to the vertical half with the highest Er . This does
not require center-of-gravity computation, and is
therefore also less sensitive to the relative align-
ment of the various detectors. The output of each
of the 106 blocks consists of a large word with the
maximum’s address, its Er and the preshower and
pad chamber validation. The outputs of all the
blocks are then collected, and the most relevant
ones are selected, extracted and sent to a decision
unit, where the presence of a high energy photon
or electron, or of several medium energy electrons,
can be identified. The selection of the most relevant
blocks could be performed by applying a threshold,
but we present here a method to select the 8 high-
est blocks, since it can give more flexibility for the
final decision.

The hardware implementation and the algo-
rithm were designed simultaneously, with careful
attention to the connectivity and to the time con-
straints of the pipe-line mode of operation. A
schematic view of the various elements and their
connections is depicted in Figure 12.10.

Local Selection The calorimeter cells are pro-
cessed in blocks of 8 x 8 cells. All the cells in a block
have the same size. For this study, the assumption
is that each group is built of 8 local-cards, placed in
a local-crate, each local-card handling 8 channels.
A physical-card will most probably contain more
than one local-card, and a physical-crate will con-
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tain 2 or 4 local-crates, giving a more manageable
volume of electronics.

For each channel, the 12 bit ADC output used
for the readout is converted to Et using a fast look-
up table. There is one table (4k x 8 bits) per chan-
nel, which performs pedestal and gain corrections,
energy to transverse energy conversion, and 2 X 2
leakage correction as described earlier.

The Etv of the cells above, to the right, and
above and right, are summed to form the 2 x 2
transverse energy. This implies that neighbours
above, and to the right, are available for every cell.
The neighbour above is usually on the same card.
Each local-card is connected to its right neighbour
within the crate by the backplane. There is a link
using a Serial Transceiver from each card to the cor-
responding card in the upper crate to receive the
missing up neighbour, and an eight channel link to
receive the 8 channels from the crate to the right.
This requires the use of two additional cards to re-
ceive the information from the crate at the right
and to send to the crate at the left.

The sum of the 2 x 2 8-bit inputs is performed in
two steps, using fast adders, first producing the 8
sums of each channel with its vertical neighbours on
the card, then adding these partial sums between
cards. This can be done in a single ASIC for 8
channels of a card.

The selection of the highest of the 64 clusters
in the block is performed in two steps. Firstly the
highest of the 8 channels in the card is found, then
the highest of these is selected in a dedicated “sum-
mary card”, using dedicated lines on the backplane.
This selection of the “highest in eight” can be im-
plemented on the ASIC used to perform the sums,
and the same ASIC re-used for the summary card.
The summary card also fetches the information for
the selected region from the preshower detector and
from the pad chamber. The summary card has
then one word of output, built of the address of
the highest Er cluster (5 bits local plus 7 bits for
the crate number), the Et of the cluster (8 bits)
and the preshower and pad chamber information
(1 bit each), giving a total of 22 bits.

All these cards work in pipeline mode, and 8 to
10 cycles are needed as follows: energy conversion
to Et using look-up table (1 cycle), data collection
from neighbouring cards (1 cycle), sum 2x 2 cells (2
cycles), select highest on the card (1 cycle), select
highest in the crate (1 cycle), fetch the relevant
information from the other detectors (2 to 4 cycles).

Main Selection Crate The information from
the 106 blocks is sent to the Main Selection Crate,
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where a selection of the 8 clusters with the high-
est Et takes place. This value of 8 is large enough
to always contain all the interesting clusters, and
small enough in terms of bandwidth and number of
connections. The data are sent by optical link us-
ing Fast Serial Transceivers, and stored in a block-
receiver.

The fast selection of the highest clusters can be
implemented by finding the value of Et for which
at most 8 block-receivers have a higher value. This
involves a binary search of this Er value, using an
analogue method to measure the number of selected
blocks. A binary search requires as many iterations
as bits to be set in E1 plus one more to allow for
the blocks passing the last threshold to know if they
have to output their information. The 8 pieces of
information are then collected, and sent to the next
stage of the trigger. Thus the Main Selection Crate
requires one cycle for reception, 9 cycles for decision
and up to 8 cycles for collection.

Trigger Processor Crate The block of in-
formation produced by the Main Selection Crate is
sent via optical fibers to one of the processors in
the Trigger Processor Crate. Each processor deals
with one event to test if there are high Er electrons
or photons above given threshold values. The in-
formation is then sent to the Level-0 decision unit.
The simplest implementation is to allocate a fixed
amount of time for this operation and to distribute
in turn each event to one of a fixed number of pro-
cessors. A latency of 1.0 us would require an array
of 40 processors.

Performance The performance of this trigger ap-
proach is being studied with the standard LHCb
simulation program. It reproduces the proposed
sequence of operations, with the proposed crate
structure, a pad chamber matching the projection
of the calorimeter geometry, and the preshower with
the same cell size as ECAL.

The only implemented trigger is an electron trig-
ger, requiring at least 5 MeV in the 2 x 2 area
of the preshower, and the presence of a hit in the
1x 2 area (vertical half with highest Er) of the pad
chamber. A retention of 3% for inelastic pp inter-
actions is obtained with an Et cut at 1.80 GeV,
giving an efficiency of 54% for pp interactions with
BY — J/¢y(ete™)Kg where the final state is recon-
structed offline and its flavour correctly tagged.
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12.3.2 Muon Trigger
Algorithm and performance

The Level-0 muon trigger must suppress n/K de-
cays while maintaining good efficiency for detect-
ing B — uX. The results of detailed studies made
to optimize the muon system and the trigger algo-
rithm are found in [10]. The muon trigger uses all
five pad chambers, M1 to M5, of the muon detector.

The Level-0 muon trigger algorithm is executed
in the following steps:

1. For a given M3 pad hit, a specified search
region in M2, M4 and M35, is opened.

2. If at least one hit is found in each of the four
muon stations, the pad hit on M2 closest to
the centre of the search window is taken.

3. The z intercept at M1 is calculated using the
M2 and M3 combination.

4. The closest pad hit to the x intercept in M1
is found.

5. The y slope is calculated using the M1 and
M2 combination, and the y intercept at the
plane z = 0 is obtained.

6. The y intercept is required to be within a
certain distance from the interaction point.

7. The pr of the muon candidate is calculated
from the x slope determined from the M1 and
M2 pad hits and from the y slope determined
from the M1 pad hit and the nominal inter-
action point. Finally, a minimum pr require-
ment is imposed.

When a positive decision is made by the Level-0
decision unit, slopes in z and y, the M1 pad hit and
the trigger pr are sent to the Level-1 track trigger.

The trigger rates have been calculated using
the standard LHCb simulation program based on
Fluka [11], i.e. full shower generation in the muon
shield with charged hadrons, electrons, photons,
and neutrons tracked down to 1 MeV. Figure 12.11
shows the muon trigger pt resolution achieved with
the pad structure described in [10] and the algo-
rithm described above.

Figure 12.12 shows the performance of the muon
trigger using two signal channels, pp interactions
with B — puX where the muon hits the muon sys-
tem and B} — J/¢(utp™)Ks where J/9K3 is re-
constructed offline. Signal efficiencies are shown as
a function of the retention for inelastic pp inter-
actions. The results are obtained by varying the
threshold pr value.
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tions as a function of those for pp interactions with
B — u+ X and BY — J/¢(utp")Ks where the
muon hit the muon system for the first decay mode
and J/9K? is reconstructed offline for the second
case.

The muon trigger rate due to hadrons, pro-
duced by punch-through or overlap with back-
ground muons is found to be only 0.2% of the total
trigger rate at a pr cut of 1.0 GeV/c.
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Figure 12.13: LHCb muon pad information neces-
sary for a 3D-Flow processor.

Implementation

Two approaches have been studied, one based on
the same 3D-Flow system used for the high-pr trig-
ger study and the other a specific implementation
for the LHCb muon algorithm.

3D-Flow: Animplementation of the LHCD Level-
0 muon trigger has been studied [12] using 3D-Flow
ASICS [13, 14]. There are two stacks of processor
layers. A layer in the first stack receives all the
45k channels from the muon pad chambers in par-
allel. Each processor receives 31 pad channels, 5
pads each from M2 to M5 and 11 pads from M1, as
31 bit information from the top port. It exchanges
pad information with the neighbouring 8 processors
and builds up a group of pads consisting of 9 x 3
pads each for M5 and M4, 5 pads for M3, 11 x 3
pads for M2 and 21 x 3 pads for M1.

A seed hit in M3 is then searched for. If there is
a seed, hits are searched for in corresponding 5 x 3
and 3 x 3 pads in M5 and M4 respectively in order
to form a triple coincidence. The average number
of such coincidences is only 26% per bunch crossing.

Once a triple coincidence is found, the M1 to
M5 pad information around the M3 seed shown in
Figure 12.13 is routed to a layer in the second stack
of 3D-flow where only a small number of processors
is needed per layer. In the second stack, the rest of
the algorithm to select a clean muon and compute
its pr is executed. Results are transmitted to the
Level-0 decision unit.

Simulation studies show that 3 layers with ~1300
processors each are needed for the first stack. The
number of processors in the second stack is very
small.
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Figure 12.14: A schematic view of the muon trigger implementation with application specific hardware.

Application-specific hardware: In the muon
system, the average number of muon tracks in one
bunch crossing is ~ 0.12 for inelastic pp interac-
tions at a luminosity of 2 x 102 cm~2 s~!'. An
alternative solution for the implementation of the
Level-0 muon trigger shown in Figure 12.14 [15]
has been studied based on this feature.

Data are organized within the muon chamber
front-end electronics boards, so that an effective
zero suppression is performed. This is done in
order to minimize the data flow from the front-
end electronics to the trigger processors. This is
achieved by defining pad-sectors dimensioned ad-
equately, where an “OR” of all the discriminated
pad signals is made. A fast muon track identifica-
tion algorithm in chambers M2 to M5 is then exe-
cuted based on the above pad sector structure. A
simulation study shows an identification efficiency
for muons with pr> 1 GeV/c of 99.0+ 0.5%.

Pad hits from all muon chambers, including M1,
are then extracted but only from within those sec-
tors in the vicinity of the identified muon track.
This results in an effective data suppression of about
20.

Full muon track processing, as discussed in the
algorithm section, is then performed on the ex-
tracted pad hits in order to determine the trans-
verse momentum of the muon candidates, and to
transfer all relevant information to the Level-0 de-
cision unit. First estimates of the total processing
time, from the beginning of the data transfer to the

broadcast of the Level-0 muon decision, are 2.4 to
2.7 ps, well within the Level-0 fixed latency of 3.2
us.

This hardware implementation is simple, rather
compact, with a small number of connections. The
total number of boards (18) and optical links (89)
is reasonably small. It can be built with current
technologies, such as FPGA’s, DSP’s and 1 Gbs™!
optical links. Debugging, auto-test, calibration and
monitoring functions are feasible with the proposed
architecture [15].

12.3.3 Pile-up Veto
Algorithm

At the LHC interaction region, the primary vertex
is well defined in the transverse plane; o, = 0y =
O(100) pm. Along the beam, it has a spread of
0. =~ 5 cm. Therefore, primary vertices created
due to multiple pp interactions are spread along
the z axis and can be distinguished with a modest
vertex resolution.

The z coordinate of a primary vertex (zpy) can
be obtained using only the radial information of
the tracks. By assuming that the primary vertex
is at £ = y = 0, the radial coordinates of a track
from a primary vertex (Ra and Rp) measured at
two planes (A and B) perpendicular to the beam
and placed at za and zp (Figure 12.15), have the
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following relation;

Bs _ B — 2PV (12.1)

Ry za—zpv
Points obtained by combining the two coordinates
from the same track lie on a line through the origin
in the Ra-Rp plane, if the tracks originate from
the same primary vertex. The slope of the line is
determined by the z position of the primary ver-
tex; zpy. Points made by the two coordinates from
different tracks are randomly distributed over the
plane.

If points with all the two-coordinate combina-
tions in one event are plotted in the Rs-Rp plane,
points from the real tracks line up and the number
of lines corresponds to the number of primary ver-
tices. Such lines can be found by scanning the Ra-
Rp plane with a line through the origin by varying
zyp and counting the number of points on that line
for a given zpy. By histogramming the number of
points as a function of zpy, a primary vertex ap-
pears as a peak in the histogram (Figure 12.15).

To implement the algorithm described above,
two planes of silicon detector equipped with circu-
lar strips are used. They are placed behind the
main vertex detector system at the opposite side
of the LHCb interaction region. Each plane is split
into six elements covering 60° in azimuth. Each ele-
ment has 300 circular strips with an effective pitch
of 120 to 240 pm depending on the radius. The
front-end electronics is placed very close to the de-
tector in the Roman Pot and reads all the 3504
strips within 25 ns. After discrimination, only bi-
nary information is sent to off-detector electron-
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Figure 12.16: Correlation of the measurements in
the two planes. A typical event with two vertices
is displayed. (a) True combinations, i.e. both
hits from the same track, (b) all combinations are
shown separately. The slope of a dotted line cor-
responds to the z-position of a vertex. The z his-
togram is shown in histogram (c); the shaded bins
correspond to true combinations.

ics outside the Roman Pot over 3600 10 m long
twisted-pair cables.

Simulated Ra-Rp plots for a double pp interac-
tion are shown in Figure 12.16-a for combinations
corresponding to real tracks and Figure 12.16-b for
all combinations. The transverse spread of the pri-
mary vertex and detector resolution are taken into
account in the simulation program. Figure 12.16-c
shows the zpy histogram within a defined search
window of +15 cm. A primary vertex resolution
of o, ~ 1 mm is obtained. The two peaks seen
in the figure indicate the two pp interactions. The
peak height of the second highest peak is sent to
the Level-0 decision unit.

Figure 12.17 shows the retention factor for bunch
crossings with two pp interactions as a function of
that for the single pp interaction bunch crossings.
A working point for the LHCb trigger is set to re-
ject 80% of two pp interactions which gives 95%
retention for single pp interaction events. More de-
tails can be found in[16].

Another parameter that may be used to reject
multiple pp interactions is the total energy seen in
the calorimeters (Eot) . As seen from Figure 12.17,
this method is not effective for rejecting double pp
interactions due to the large overlap in Eyo distri-
butions for single and double pp interactions [2].
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is also shown.

However, it is useful for rejecting bunch crossings
with three or more pp interactions. At a luminos-
ity of 5 x 1032 cm™2 s~! they become significant as
seen from Figure 12.2.

Implementation

The binary signals of the radial strips are sent out
from the Roman Pot to the off-detector electron-
ics (Figure 12.18). The Event Demultiplexer dis-
tributes the events to the six vertex finders, each
dedicated to one event.

The vertex finder correlates points in the Rp
and Rp plane and counts the number of points on
the line. The system can handle 30000 points ex-
pected within the search window. The procedure
is repeated for all 6 pairs of azimuthal detector el-
ements. The resulting histograms are summed and
processed for further analysis. A histogram has
about 100 bins, which can be represented by a 6-
bit number. The two largest peaks are searched for.
The Comparator/Encoder extracts the two vertex
candidate positions and the height of the second
peak. They are sent to the Level-0 decision unit
through the Result Multiplexer.

The amount of logic needed for the Vertex Finder
is about 350k gates. If it is built in a single inte-
grated circuit, 2 x 300 = 600 inputs and about 50
outputs and control lines are required. In the near
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Figure 12.18: Block diagram of the Pile-up Veto.

future commercial FPGAs will be able to satisfy
these requirements. For example, devices such as
the Altera FLEX 10K250 with 250k gates and 640
input-outputs (I/O) will be available soon. The
size of such devices is expected to grow to 2M gates
in the year 2000, e.g. for Altera Raphael architec-
tures.

12.3.4 Level-0 Decision Unit

A global decision on whether an event must be kept
for the next trigger level is taken by the Level-0 de-
cision unit. The muon high-pt trigger units send
information on the muon candidates: their pt val-
ues, slopes and hit coordinates at the pad chamber.
The calorimeter high-Er trigger units send infor-
mation on the electron, hadron and photon candi-
dates: their Et values, slopes and hit coordinates
at the pad chamber for hadrons and electrons and
at the preshower for photons. In addition, a proba-
bility that two pp interactions occurred in the event
is sent by the pile-up veto unit.

The event is accepted if there is no pile-up signal
and if one of the following conditions is fulfilled.

e pr(pn) > 1.0 GeV/c

e Er(e) >2.34 GeV/c

h) > 2.4 GeV/c
)

(
o E(
e Er(y) >4.0GeV/c
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Implementation of the unit is based on a look-up-
table, in which modification and extension of the
list can be easily made to match the running con-
ditions and physics requirements.

If the event is kept for the next level, the Level-0
decision unit informs Level-1 of which trigger con-
dition is fulfilled. When the triggering particles are
muons, electrons and hadrons, track information is
sent to the Level-1 track trigger.

12.3.5 Allocation of trigger rates

Allocation of the trigger rates for the single high-
pr triggers is obtained by optimising the physics
performance of the LHCb experiment with the five
pilot decay modes introduced in Table 12.1.

BY — ntm~ + correct tag

Bg1 — J/w(e+e__)KS + correct tag

BY — J/¢(ut ™ )Ks + correct tag

BY - DfK~ + correct tag

BY — DK*?

The statistical errors on the angles of the uni-
tarity triangles are inversely proportional to the
“trigger power”, which is defined for a given de-
cay final state f, trigger mode ¢ (i=e, u and h) and
tagging mode j (j= e, p and K) as

PI(f) = \feng(Deide(f) [1-200(N] (12.2)

where ¢ ;. (f) is the trigger efficiency for the event
with the final state f where f is reconstructed of-
fline, e, is the tagging efficiency for the triggered
event and w2, is the wrong-tag fraction. For the
final state f and trigger mode i, the power is then

given by
R(H= | 3 P
j=e,u,K

Note that for a self-tagging decay such as By —
DK Pi(f) = \ [l (£)-
Allocation of the rates to different trigger com-

ponents for a given channel f is then optimized by
maximizing the total power

> P

i=e,u,h

(12.3)

P(f) = (12.4)
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with a total retention factor of 0.09 for a single
inelastic pp interaction.

Figure 12.19 shows the powers P;(f) for the five
pilot channels as a function of retention factor for
an ordinary single pp interaction obtained by single
electron, muon and hadron high-pr triggers. The
rate allocation for the three triggers is made by
optimizing the errors on «, v — 24y and v without
sacrificing the § measurement.

12.4 Level-1 Trigger

12.4.1 Vertex Trigger
Algorithm

A detailed description of the vertex trigger algo-
rithm can be found in [17], only a summary is
given here. The vertex detector simulation is de-
scribed in [18].

The implementation of the track and vertex find-
ing algorithm is simplified if the silicon detectors
have an r,¢ geometry for the following reasons:

e Seeds for the track finding are located in the
12 inner r-measuring sectors. The average
charged track multiplicity in each of these
sectors is about 1, which limits the number
of hit combinations to be tried.

e To first order the r-coordinates define the z-
position of the vertices.

The algorithm consists of five consecutive steps.
Note that the momentum of the tracks is unknown
and the error estimation of the track parameter is
derived from purely geometric considerations, as-
suming straight tracks.

1. Track finding in the r-z projection: The
track search starts in the inner r-subsectors. Three
collinear hits in successive stations define a track.
Several segments of the same track may be found
in different triplets. A rejection process removes
duplicate segments, leaving the one with a cluster
closest to the beam. Those tracks are referred to
as 2D-tracks.

2. Calculation of the primary vertex posi-
tion: An estimate of the longitudinal position of
the primary vertex is made by making a histogram
for the z-coordinates of the two track vertices. A
resolution of 80 um is obtained. Intersecting the
tracks with a plane perpendicular to the beam at
the position of the primary vertex determines the x
and y position of the primary vertex, with an error
of 20 pm.
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Figure 12.19: The statistical power as a function of retention factor for inelastic pp interactions
with a single electron, muon and hadron high-pr trigger for BY — 7t7~, By — J/¢(ete)Ks,
BY — J/¢(pt ™ )Ks, B = DFK™, and B} — D°K*? decays. Trigger-power is defined in the text.

3. Impact parameter determination: For each
2D-track in the forward direction, the impact pa-
rameter with respect to the primary vertex is cal-
culated. A probability that this track originates
from the primary vertex is defined as the fraction of
tracks in inelastic pp interactions having an impact
parameter exceeding the calculated value. Look-
up tables containing these probabilities are deter-
mined as a function of the track length, the ex-
trapolation distance to the primary vertex and the
polar angle. Bunch crossings with multiple pp in-
teractions passing the Level-0 trigger are rejected
by requiring an upper limit on the number of tracks
with a large impact parameter with respect to one
of the primary vertices. The dominant sources for
tracks with a large impact parameter not coming
from b decays are low momentum tracks suffer-
ing from multiple scattering, the decay products
of strange hadrons, and ~y-conversions.

4. Reconstruction of tracks with large im-
pact parameter: For 2D-tracks having a proba-
bility of less than 20% of originating from the pri-
mary vertex, and an impact parameter less than
3 mm, the ¢ cluster information is now added to re-
construct the track in three-dimensions (3D-track).
The fact that the ¢ strips are rotated by a small
angle helps to resolve hit ambiguities. Remaining

ambiguities are resolved by accepting only the com-
bination with the smallest z-y impact parameter
which is defined as the distance between the pri-
mary vertex and the crossing point of the candidate
on the z-y plane placed at the primary vertex. The
reconstruction efficiencies obtained are about 98%
for the 2D-tracks and 95% for the 3D-tracks.

5. Search for two track vertices: The algo-
rithm finds secondary vertices which are separated
significantly from the primary vertex.

All vertices with a distance between two 3D-
tracks smaller than 200 ym are accepted. For each
accepted secondary vertex, the smallest probabil-
ity that any of the two tracks originates from the
primary vertex is assigned. The product of all the
assigned probabilities define the total event proba-
bility to be non-b events. This value is sent to the
Level-1 decision unit.

Performance

The Level-1 vertex trigger algorithm is tailored to
meet the selection criteria proposed for offline use
in the reconstruction of B-mesons. The decay mode
BY — 77~ is used to demonstrate the perfor-
mance of the algorithm, since this is one of the
most demanding modes.
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Figure 12.20: The retention of inelastic pp interac-
tions against the trigger efficiency of B} — 7m—
events.

In order to optimize the vertex trigger perfor-
mance for B events that can be reconstructed of-
fline, only events passing the standard offline cuts
are used with Level-0 applied. By varying the cut
on the distance between primary and secondary
vertices, and on the number of secondary ver-
tices, the trigger efficiency can be determined as
a function of the retention of non-b events (Fig-
ure 12.20). A 4% retention for inelastic pp in-
teractions is achieved with a 45% efficiency for
BY — 77~ events.

Noise study

Because of the high radiation level, we expect a
decrease with time in the signal to noise ratio in
the silicon detectors. In order to keep the single
hit efficiency constant, the thresholds have to be
lowered and this results in an increase in the num-
ber of ghost hits. The performance of the Level-1
trigger has been studied under different noise con-
ditions i.e. from no noise up to a noise level which
is three times higher than the one expected after
one year of operation (~ 1 x 10'* particles/cm? at
a radius of 1cm). For a 4.4% retention of inelastic
pp interactions, an efficiency of 44% is obtained for
BY — 77~ events [17], indicating no significant
change in the trigger performance.
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Table 12.3: Results of benchmarking the vertex
trigger algorithm

| Algorithm step | Time [us] |

Triplet finding 417
Triplet removal 117
Primary vertex 139
Impact parameter 10
3D-tracks 108
Secondary vertex 52
TOTAL 843

Effect of detector misalignments

The effect of misalignment of the vertex detector
has been studied [19]. The vertex trigger is insen-
sitive to the beam position within a few 100 pm.
If individual detector elements are misaligned by
more than 10 ym perpendicular to the beam or by
more than 50 ym parallel to the beam, then new
alignment constants are required.

12.4.2 Implementation of the Vertex
Trigger

Analysis of the requirements

The detector simulation [18] shows that the mean
number of clusters per event is about 600. For es-
timates on data bandwidth we have assumed 400
hits per event due to noise, giving a total of 1000
clusters per event on average. Since a 2-byte num-
ber can represent each cluster within a station, the
average size of an event is 2000 bytes and the aver-
age input data rate to the vertex trigger system is
2 GB/s. The maximum event size has been taken
to be 4000 bytes which corresponds to 2000 clus-
ters per event since the distribution of the number
of clusters does not have long tails.

All the steps of the vertex algorithm have been
benchmarked. Table 12.3 shows results for the av-
erage processing time of the different steps using
an Intel 180 MHz Pentium-based PC running Win-
dows NT 4.0, and compiled with Visual C++ ver-
sion 5.0. Benchmarks give a CPU power of 140
MIPS for this processor.

The average processing time defines the num-
ber of processors required to implement the algo-
rithm. To implement the complete algorithm at an
input rate of 1 MHz, 117 processors would be re-
quired, each having 1000 MIPS processing power,
providing the system is designed to ensure that the
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processors are constantly kept busy.

The maximum processing time, which is of im-
portance for the depth in the Level-1 buffers, is de-
termined by the tails of the processing time distri-
bution. If one implements the complete algorithm
in software, then the maximum processing time for
the vertex trigger is of the order of 300 us using
1000 MIPS processors with the current version of
the software. By optimizing the code and algo-
rithm, we envisage reducing this time by a sizable
factor with no loss in performance.

Design considerations

Since the 3D track reconstruction is complicated, it
must be executed in software on a general-purpose
processor. However we have studied in detail the
possibility of using preprocessors to execute the ini-
tial steps of the algorithm before the data are sent
to the CPUs. This would reduce the bandwidth re-
quirement for data collection and the total process-
ing time of the Level-1 trigger, but at the expense
of a less flexible algorithm and a reduced precision.

In this implementation study [20], the r-cluster
information is preprocessed in parallel by an array
of special purpose processors (FPGA’s) and the r
data volume is reduced by a factor 3 to 4 by sending
the list of 2D tracks instead of the initial r-clusters.
Finding 2D tracks in hardware reduces the process-
ing time by about 40%.

However, the benefit of such a design seems not
to balance the loss in flexibility and the reduced
precision. The performed simulations of minimum
bias rejections and signal efficiencies show that it
is necessary to use the best possible precision, and
to have a flexible algorithm that can deal with mis-
alignments and ineffeciencies. Therefore, a solution
without preprocessing has been devised.

Two possible protocols have been considered for
controlling the transfer of data to the processors.
The first uses a data on demand scheme, where a
processor requests any data that it requires for a
specific event during the execution of the trigger
algorithm. For example, the processor would re-
quest the ¢ data for the sectors where 2D-tracks
have been found and not for the others. This ap-
proach minimizes data flow but has a complicated
control sequence. Our calculations have shown that
the gain in event bandwidth does not compensate
for the resulting complexity of the design. An al-
ternative scheme in which all data for every event is
pushed through to the processors is therefore pro-
posed.
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Proposed solution

All the trigger data belonging to the same event are
sent to a single processor in a farm of processors.
Details of the design can be found in [21]. The trig-
ger algorithm is implemented as a software program
running in the processor and has the complete data
available in its memory. The main problem to be
faced is an event building rate of 1 MHz and an
aggregate sustained throughput of 2 GB/s. A di-
agram of the implementation architecture can be
seen in Figure 12.21 where the event builder func-
tion has been implemented using a special switch
made of a grid of dual-port memories.

Trigger data blocks containing the r and ¢ co-
ordinates of the strip clusters are received by the
trigger system from the front-end electronics sit-
ting near the detector. We have assumed that the
number of data sources is 17, corresponding to the
number of stations. A header containing the event
identifier, the trigger number, and the station num-
ber precede each data block. The average size of a
data block is 100 bytes.

All the data blocks are pushed from the 17
sources into the memory of the processor where the
algorithm will be executed. The protocol is kept to
a minimum by having enough data buffers in the
final processor and in the intermediate stages to
store sufficient events. A mechanism for handling
buffer overflow conditions is foreseen.

The implementation of the switch we are con-
sidering is based on a series of independent horizon-
tal and vertical buses, with one interface per bus
and a series of dual port memories (DPMs) at every
bus intersection. The interface to the horizontal or
vertical bus is the only master on the bus, thus
making the design of the bus simple. Both buses
have similar requirements in terms of throughput.
If one assumes 32 bit wide synchronous buses, the
required frequency is 25 MHz for a maximum data
throughput of 100 MByte/s. Designing the buses
for an average load of 50% requires 50 MHz, which
is easily feasible with current technology.

The dual-port memories situated at the cross-
ings for each vertical and horizontal bus will be
used to store temporarily the event fragments dur-
ing the event building. The interface to the vertical
bus (Front-End Receiver or FER) pushes the event
fragments into addresses, which map different dual-
port memories for each event in a round-robin fash-
ion. Each FER acts asynchronously with respect to
the others.

The role of the horizontal interface (Sub-Farm
Controller or SFC), is to transfer all data fragments
of the same event into a CPU memory. The hori-
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Figure 12.21: A schematic view of the vertex trigger implementation.

zontal transfer can be initiated as soon as the first
data fragment arrives or after all of them are there.
The latter requires waiting for the longest fragment
(maximum 3 times the average). Mechanisms for
checking if the complete event is present can be
implemented with a single bus cycle. A simple lo-
cal algorithm using the number of events queued
on each processor determines the final processor to
which the data are pushed.

The processors are organized into 20 sub-farms.
Each sub-farm runs independently of the others.
The rate of input events to each sub-farm is 50 kHz.
Each processor in the sub-farm will be a commer-
cially available processor (PC-like) and will be in-
terconnected with a high performance link to the
horizontal bus interface. The minimum required
aggregate throughput for such an interconnect is
100 MByte/s. Today several technologies, such as
SCI and Myrinet, are able to provide the required
throughput.

The sub-farm controller acts as a bridge be-
tween a horizontal bus in the switch and the net-
work connecting all the processors on the sub-farm.
Its main function is to assemble event fragments
from the dual-port memories and send complete
events to the processors. It can also be used to col-
lect the results from the processors and put them
into a FIFO to be picked up by the local trigger unit

using a vertical bus. In this case, since the con-
troller knows which processors have finished pro-
cessing, the assignment of a processor can take into
account the number of events scheduled and com-
pleted. This gives a simple way of balancing the
load on each sub-farm.

The local trigger unit is a specialized hardware
processor that receives all the trigger decisions from
all the processors and sorts them into chronological
order. It also provides an interface to the Level-1
decision unit and to the DAQ system, thus pro-
viding a means of monitoring the system perfor-
mance. The DAQ will read out the summary of
the results of the trigger processing from the local
trigger unit. This processor must work at 1 MHz
input and output rate, though the amount of data
is relatively small. The minimum data required will
be the event identifier and a decision bit.

Since the overall latency must be kept manage-
able, an upper limit will be set on the total time
available for taking the Level-1 decision. In other
words, events in the tail of the latency distribution
must be accepted or rejected as soon as this time
limit expires. However first indications are that the
rate corresponding to the number of events in the
tail is small compared to the retention rate for in-
elastic pp interactions (4%). This can therefore be
resolved by simply accepting all these events.
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Table 12.4: Estimates of the average latencies of
the different phases

Min. | Typical | Max.
[ps] | [ps] [11s]
Coordinate encoding 3 3 3
Write into memories | 0.2 1 3
Wait complete event | 0.5 2 3
Read from memories 4 20 50
Algorithm execution | 30 120 250
Collect results 5 5 5
TOTAL 43 151 314

Performance

Since algorithms are executed in software on stan-
dard processors the performance can be evaluated
off-line. Table 12.4 shows our first estimate for the
latencies of the different steps in the trigger pro-
cessing. More accurate numbers will be obtained
using the Foresight modelling tool to simulate the
system behaviour.

One of the strengths of this design is its flexi-
bility. There are no constraints on the algorithm,
since all data are available to the processor for ev-
ery event. The architecture is scalable. It can easily
incorporate more data sources or more processing
units without any redesign. The system can be eas-
ily upgraded by replacing CPUs with faster ones.

12.4.3 Track Trigger

A significant fraction of the Level-0 high-pt trig-
gers in inelastic pp interactions do not originate
from single particles coming from the primary ver-
tex region, but are due to secondary interactions
in the detector material, to decays, and to over-
lapping showers. In all of these cases, the addition
of information from the tracking chambers gives
a means of reducing this background at Level-1.
Since the Level-0 trigger information is used, full
pattern recognition is not required, and only a few
track candidates are processed in each event.

The approach taken here follows similar ideas
adopted by the HERA-B collaboration, however
with greatly reduced requirements on trigger laten-
cies and occupancies.

Algorithm and performance

A graphical view of the track trigger algorithm is
shown in Figure 12.22. The algorithm can be seen

as a 3-step process:

1. Track seed selection.

2. Pattern recognition and momentum measure-
ment.

3. Trigger decision.

These steps are briefly described below. A de-
tailed account, as well as the corresponding perfor-
mance studies, are given in [22].

In the first step of the algorithm, track can-
didates are selected from the patterns of high-pr
particles found by Level-0. Using these “seeds” to
define initial track parameters, hits are searched for
in the tracking station closest to the calorimeters.
Hit coordinates in 3 dimensions are used to improve
on the track parameters by applying a simplified
Kalman filter technique, which uses only diagonal
parts of the covariance matrices of the track param-
eters. The track is extrapolated to the next track-
ing station towards the vertex, where the next hit
is searched for. This sequence of backward extrap-
olation, hit finding and track parameter updating
is repeated station by station towards the vertex.
The size of the search window is influenced by the
accuracy of track parameters, the distance between
adjacent stations, multiple scattering and the mag-
netic field. Chamber inefficiencies are allowed for
by accepting tracks with up to two tracking sta-
tions without hits in the search window. A track
is also kept for the final trigger decision if no hit
is to be expected because of the limited inner ac-
ceptance of the tracking chambers. Both inner and
outer trackers are considered in the track search.

Sufficient rejection power for inelastic pp inter-
actions is obtained by extrapolation to station 6,
where the track momentum is measured with a res-
olution of ¢,/p ~ 3% independent of the momen-
tum. The final trigger decision is made by applying
a pr threshold.

Simulation results for the retention rates for
inelastic pp interaction events are shown in Fig-
ure 12.23 as functions of b-events with specific B-
meson decays, B® — J/¢p — ptpu—, B® = J/¢p —
ete™ and BY — 77~ triggered by the muon, elec-
tron and hadron Level-0 trigger respectively. Plots
start from points which are obtained by the Level-0
trigger with particular values of pr thresholds.

The track trigger is able to reduce the number
of inelastic pp interactions by as much as a factor
of ~ 10 with a loss for signal events of ~30%.
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Figure 12.22: Schematic view of the Level-1 track trigger.
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Implementation

The tracking trigger algorithm described in the pre-
vious section can be implemented in the following
manner. Each tracking station represents an inde-
pendent, processing unit, which consists of an in-
put unit, several geographical segment units and
an output unit.

The input unit receives track candidates as
seeds, either from the previous station or from the
Level-0 decision unit. Processing of each candidate
includes the calculation of the expected hit position
and search window size for this tracking station.
Then the track candidate is sent to all segments
that overlap with its search window.

Each segment unit has two tasks. First it has
to prepare the hit information from the tracking
chamber to which it is connected. Inner track-
ing readout channels are added together to make
a granularity of 1 mm. In the outer tracking, only
wire hit signals are used without TDC information,
while each pair of staggered planes is combined giv-
ing an effective granularity of twice the number of
wires. In both inner and outer tracking, hit infor-
mation of two consecutive bunch crossings has to
be stored for each of the three orientations 0, +5
and -5 degrees for later use in the track finding al-
gorithm together with its Level-0 trigger number.

The second task of the segment processing is to
receive a track candidate, and to search for hits
that lie within the search window and originate
from the correct Level-0 trigger number that were
stored earlier. These hits are then combined to two

dimensional (z and y) coordinates using the stereo
information of the tracking systems and this infor-
mation is added to the track candidate, which is
finally sent to the output processing unit.

The output processing unit recombines the track
candidates of the same seed origin sent to different
segment units, and selects the hit coordinate with
the smallest distance to the track. If a hit has been
found, the track parameters need to be improved,
otherwise the track quality and the geometrical ac-
ceptance has to be checked and the track is possibly
dropped.

The 256 ps maximum latency of the Level-1
trigger means that the input, output and most of
the segment processing can be implemented by dig-
ital signal processors (DSP’s). The data prepro-
cessing in the segment unit can be implemented in
a more application-specific hardware. Typically a
few us processing time is allocated for each of the
steps of input, output and segment operations. As-
suming 10 seeds, a sustained throughput of 10 MHz
is required at the nominal Level-0 trigger rate of 1
MHz.

The proposed upgrade program of the H1 de-
tector at HERA [23] contains a new tracking vertex
trigger, which has similar requirements for through-
put, latency and hit combining algorithm in the
segment unit. The LHCDb tracking trigger will profit
a great deal from the H1 development work.
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Figure 12.23: Efficiencies of the Level-1 track trig-
ger for inelastic pp events passed by Level-0, as
functions of those for events with specific B-decay
modes: B® — J/¢p — ptpu=(top), B® — J/¢p —
ete (middle), B — nt7~ (bottom). Each data
point corresponds to a different pr cut, as described
in the text. The open circles indicate the efficien-
cies when only the Level-0 trigger is applied. The
data points show the efficiencies if the track trig-
ger is applied using pr thresholds after station 6;
they are (in GeV)0 (i.e. only pattern recognition),
0.8, 1.0, 1.2, 1.4, 1.6, and 1.8 for muon seeds, 0,
0.8, 1.0,1.2,1.3,1.4, and 1.8 for electron seeds, and
0., 2.0, 2.2, 2.4, 3.0, 4.0 and 5.0 for hadron trigger
seeds.

12.4.4 Level-1 Decision Unit

Event selection is made by the Level-1 decision unit
based on information from the vertex and track
triggers. It also receives the trigger condition ful-
filled in Level-0. This allows optimal combinations
of the vertex and track triggers to be made for dif-
ferent Level-0 trigger conditions. For example, an
event with two high-pr muons of pr > 2 GeV/c
each would be kept irrespective of the vertex trig-
ger information if the two muons are confirmed by
the track trigger.

As is the case for the Level-0 decision unit, the
implementation is based on a look-up table where
modification and extension of the trigger require-
ments can be easily made to match the running
conditions and physics requirements.
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12.5 Level-2 Trigger

The main Level-2 algorithm is designed to match
the vertex information provided by the silicon de-
tector with the momentum information provided
by the tracking stations of the spectrometer [24].
Fake displaced secondary vertices can be generated
in non-b events by low momentum tracks with sig-
nificant multiple scattering. Knowing the momen-
tum of each track, the error of the corresponding
impact parameter can be computed properly and
the rate of fake displaced secondary vertices can be
substantially reduced [24].

Since Level-2 is implemented by a farm of com-
mercial processors, the algorithm can be continu-
ously improved. However it can already be shown
that the desired reduction of the rate, a factor of
8, is possible without a substantial loss in the B-
meson signals which are used in offline analyses.

12.5.1 Event reconstruction

The Level-2 algorithm begins by reconstructing
three-dimensional tracks in the vertex detector, in
both forward and backward hemispheres. This is
done with the same simple algorithm used in Level-
1. On average 45 tracks are found per event, of
which 18% have at least one incorrectly assigned
coordinate. This percentage is reduced to 11% by
rejecting tracks which share common coordinates
or which have fewer than the expected number of
vertex detector hits. For each track, the momen-
tum is initially taken to be proportional to the mea-
sured value of sin™' 6, where # is the polar angle
of the track and the constant of proportionality is
determined from simulation studies. This approxi-
mation relies on the rather narrow transverse mo-
mentum distribution of the tracks. A resolution
o4 on the impact parameter dy is then estimated
taking into account contributions from both de-
tector resolution and multiple scattering. Finally
the primary vertex is reconstructed by minimizing
the impact parameter significances dy /o, of all the
tracks. This yields a primary vertex resolution of
0y, =0y =9 pm and o, = 38 pm.

Tracks in the forward hemisphere with an im-
pact parameter greater than twice the estimated
resolution (about 6 tracks per event), are extrap-
olated as a straight line up to the first tracking
station (in front of RICH1). A Kalman filter tech-
nique with the full tracking detector information is
then applied to extrapolate these tracks down to
station 5 (well inside the magnetic field). The hit
closest to the predicted point is used to update the
track parameters at each tracking station.
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With the requirements that at least four hits
be associated to the track in the first five tracking
stations (each tracking station can have up to 12
hits), and at least one hit inside the magnetic field
(stations 3 to 5), about 90% of the high momentum
(p > 2 GeV) tracks are extended. The efficiency to
extend low momentum tracks (p < 2 GeV) is signif-
icantly smaller (76%), which, in fact, helps in the
selection discussed later. The impact parameter
resolution o, is then recalculated for these tracks
using their measured momenta.

The relative resolution on 1/p is ~ 0.01, with
small tails due to the tendency to overestimate the
momentum for low momentum tracks. Since the
overall Level-2 trigger performance does not de-
teriorate even with a resolution ten times worse,
there is some room to simplify the tracking algo-
rithm. The estimated errors on the fitted param-
eters are correct, except for very low momentum
tracks where there is a tendency to underestimate
the errors.

12.5.2 Event selection

Events are kept if there are at least three tracks
with an impact parameter significance of dy/oq > 3.
Background from K2 and A decays is reduced by
also requiring dp < 2 mm.

Table 12.5 shows the Level-2 trigger performance
for events which have already passed both the Level-
0 and Level-1 triggers. The efficiencies quoted the
exclusive b decay channels are obtained using events
where the final states are selected by the offline
physics analyses, and flavour tagged if necessary.
The efficiencies given for inclusive udsc or b produc-
tion are obtained using events generated over the
full 47 solid angle. Level-2 achieves the required
rejection factor for udsc events. It also tends to
reject inclusive bb events where the b-hadron de-
cay products are only partially inside the detec-
tor acceptance. This explains the lower efficiency
quoted for these events. Few signal B-meson events
are lost, although it would be desirable to boost
the efficiency for low multiplicity decays such as
BY — 7T ~. This can probably be achieved by
also keeping events with only two large impact pa-
rameter tracks, providing that one of those tracks
has a large transverse momentum.

12.5.3 CPU requirements

With a 1000 MIPS CPU, the time required to re-
construct 45 tracks per event in three-dimensions
using the Level-1 algorithm is 0.3 ms. The primary
vertex reconstruction takes negligible time relative
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Table 12.5: Efficiency of the Level-2 trigger for
events previously selected by the Level-0 and Level-
1 triggers and, in the case of the exclusive decays,
also found by the offline analyses.

Efficiency (%)
udsc - X 6.5
b—X 66
BY) - atn— 83
BY — J/y(ete )Kg 81
B — J/¥(utp)Ks 81
Bg — Ds_ﬂ'+ 92
Bg — DOK*0 95
to this. Most of the Level-2 CPU requirement

comes from the momentum measurement, which
takes about 6 ms per track. This algorithm is not
yet optimized for trigger use and should easily be
improved. Once momenta are measured, the time
needed for the decision is negligible. Therefore, our
goal of achieving a total latency of ~ 10 ms/event
appears to be feasible.

12.6 Level-3 Trigger

12.6.1 Classification of signal chan-

nels

The exclusive b-hadron decay modes are divided
into four topological classes with distinctive signa-
tures suitable for the identification by Level-3. A
fifth class is reserved to encompass non b-physics.

1. Charged two-body decays
A selection of two-track vertices compatible
with the B-meson mass isolates decays such
as By, — ntn—, By, — Ktn~, By, —
K+K~ and BELS —utp~.

2. Dilepton decays
Modes such as By — J/¢K?, B} — J/¢K*O,
BY — J/4¢ are all characterized by a pair of
leptons from a displaced decay vertex com-
patible with the J/t¢ mass.

3. Low multiplicity decays with neutrals
Channels including B} — pt7—, p°7% and
B?Ls — K*0y are seen as two-track decay ver-
tices which, with the addition of a 7#° or pho-
ton, give the B-meson mass.



12.0. LuVEL-9 1 RIGGLEY

4. Decays with D mesons
To select B§ — DOK*°, B§ — D**7~, B? —
Dym/DsK requires the reconstruction of D/Ds
mesons. If available, particle identification
is a valuable tool for many of these decay
modes.

5. Non b-physics channels
Other physics goals, for instance measure-
ments in the 7 and charm systems requiring
specific algorithms.

Independently of the topology, all events can be
classified as either those which require a flavour tag
to be useful in the physics analysis, or those which
do not.

12.6.2 Algorithms

Independent sets of algorithms are used to select
each topology. Class 4 decays need a further sub-
division as they contains the most diverse event
structures. Under the assumption that different al-
gorithms reject different background events, each
algorithm should have a suppression factor of 100
to 200 in order to achieve the required output rate.
The exact factors vary from channel to channel,
adjusted by their physics weight.

The filter algorithm is largely based on the of-
fline analysis, but with looser cuts. Due to time
limitation, reconstructed tracks have a slightly worse
resolution than that available for the offline. The
fact that offline calibration and alignment constants
are not available also has to be considered. There-
fore, the selection windows are chosen as broad
as possible for the highest efficiency and sufficient
safety for understanding systematic effects. Parti-
cle identification can be available for selected tracks
only [25].

Two different scenarios have been considered,
depending on whether or not particle identification
from the RICH information can be used at Level-3.

Figure 12.24 shows schematically a data flow
diagram for Level-3 exploiting RICH particle iden-
tification. In step-1, the full pattern recognition
and the track parameter fit are performed using
the vertex detector and the tracking stations. A
simplified Kalman filtering technique with an ap-
proximation for transporting tracks is used for an
increased speed with a reduced resolution. A mo-
mentum resolution,o,/p, of 1% meets the Level-
3 requirements. Simultaneously, lepton candidates
are searched for in the muon chambers and the elec-
tromagnetic calorimeter.

121

Calorimeters
and Muon
chambers

RICH
detectors

Vertex & Tracking
detectors

Pattern
recognition
and track
fit

Vertexing
and track
selection

Particle
Identification

T
Untagged sample

Algorithms

Data Store

Figure 12.24: Data-flow diagram for Level-3 trigger

The fitted tracks are then subject to a precise
vertex reconstruction and to a common preselec-
tion, based on the impact parameters for example,
which provides a reduced set of tracks as input for
the RICH particle identification. A fast RICH al-
gorithm picks up single tracks and searches for the
kaon pattern with a knowledge of the track momen-
tum.

Finally, the algorithm identifies a flavour tag
(lepton or kaon), and then reconstructs the invari-
ant mass and submasses of the b-hadron decay chain
of interest. The self-tagging decay modes together
with the non-b channels are selected independently
of any tag.

The alternative option follows the same scheme,
but misses the RICH particle identification and the
tagging step.

Detailed studies made for B} — 7#t7—, BY —
Dy 7+ and BY — DK*? show that a global rejec-
tion factor of 25 can be reached with or without the
RICH. However, the advantage of using kaon iden-
tification is twofold. Firstly, events are selected by
demanding a good flavour tag. Secondly, combina-
torial background is suppressed for the many-body
decay modes involving kaons, such as B§ — DOK*°
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and B? — Dgw. This leads to an additional safety
factor of about 5 to 10. However, it has to be
proven that the RICH algorithm, which works well
in simulation, provides sufficient robustness to be
applied to the real data.

The execution time is dominated by the pat-
tern recognition and track parameter fit. Using the
simplified Kalman filter, and with further optimi-
sations of the code, the goal of a ~200 ms execution
time (normalised to a 1000 MIPS CPU), should be
achieved. This gives a requirement of 105 MIPS for
the CPU farm, as far as Level-3 is concerned.
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Chapter 13 Data Acquisition

13.1 Introduction

The role of the DAQ system is to read and buffer
data from the front-end electronics following a Level-
1 trigger, to assemble complete events, and to pro-
vide storage facilities for event data and for calibra-
tion and monitoring information. The architecture
of the LHCb Trigger and Data acquisition system
is shown schematically in Figure 3.3, and the main
parameters are summarised in Table 3.1.

The main functional components of the DAQ
system are as follows:

e The Front-End Multiplexers (FEM) are re-
sponsible for multiplexing the data from many
detector channels onto the front-end links.
The multiplexing factor will be determined
by the capacity of the links, and by the phys-
ical characteristics of the front-end electron-
ics, i.e. the convenience with which channels
can be grouped together. For the design of
the readout protocols, we assume that the
output of the FEMs carry zero-suppressed
data in a detector independent format.

e The number of Front-End Links (FEL) has
been chosen to match the expected data rate
with the capabilities of the link technology,
such that at least one link is allocated for each
detector segment.This boundary condition is
needed to take into account the segmentation
and physical layout of the detectors.

e The Readout Units (RU) receive event frag-
ments from several front-end links and assem-
ble them into larger sub-events. Once a sub-
event is assembled, the RU transfers it to the
next stage for further event building. The
multiplexing factor in the RU is chosen to
match the bandwiths on its inputs with the
output bandwidth towards the readout net-
work.

e The Readout Network has the task of provid-
ing the connectivity and the required data
transfer bandwidth such that all sub-event
data belonging to a given trigger, distributed

amongst all the RU’s, arrive at a single desti-
nation. This destination will vary from trig-
ger to trigger. It will thus support building
of full events from the sub-events assembled
previously in the RU’s.

e The Sub-Farm Controller (SFC) has to as-
semble the sub-events arriving via the read-
out network into complete events. Once this
is complete, it sends the event to one of the
CPUs it manages. After processing by the
high level triggers, the SFC has the role of
dispatching accepted events, via the Read-
out Network, to the storage sub-system. It
will also monitor its buffer usage and raise a
request to slow down the trigger if the free
space becomes low.

The detailed requirements [1] have been used
as the basic input for design and implementation
studies.

13.2 Data traffic patterns

The sizes, distributions and rates of data coming
into the DAQ system on the Front-End links have
been analysed using simulation data [1]. The re-
sults are summarised in Table 13.1 in terms of the
average event sizes for each subdetector. The chan-
nel occupancies shown assume detector dependent
processing for clustering and zero suppression. In
the case of the tracking detectors an extra 30% has
been added to the estimate for the average event
size, in order to allow for the fact that data from
two beam crossings are read for these sub-detectors.
The number of segments shows the natural physical
segmentation of a sub-detector. This is the number
of stations in the case of tracking devices, and the
lateral segmentation (inner, middle, outer) in the
case of calorimeters.

The allocation of front-end links to a sub-
detector will require optimisation according to the
natural segmentation of the sub-detector, and the
distribution of data in the segments. Table 13.1
shows a first assignment of front-end links, which
have been calculated under the assumption of a 1
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Table 13.1: Average event data sizes for sub-

detectors and their possible segmentation Mean 66.54
Sub- Channels | Occ | Data | Segs | FE- ol RMS 2618 |
detector (10%) (%) | (kB) links
Vertex 220 0.5 4 17 17
Inner Tracker 220 1.0 10 11 44 30 - g
Outer Tracker 110 4.5 24 10 40 £
RICH 1 140 2.0 11 2 16 =
RICH 2 200 0.5 4 2 16 20 g
Preshower 6 2.5 1 3 3
ECAL 6 25.0 6 3 12
HCAL 3 10.0 1 2 2 10 E
Muon 45 0.5 1 5 5
Trigger ) 1 10

| Total | 950 | | 67 | 56 | 165 | % 50 100

Gbit/s link capacity. The allocation shown is gen-
erous with respect to bandwidth, since average link
occupancies range from 10 to 30%.

Table 13.1 shows an average size of 67 kByte.
There is a large variation from event to event as
shown in Figure 13.1. In the readout protocol and
implementation studies, an average event size of
100 kByte is assumed in order to allow for already
foreseen factors, such as noise in detector electron-
ics. Although the event building rate for LHCb
is comparable to that of ATLAS and CMS (i.e.
40kHz), the average event size is a factor of ten
smaller, which reduces the scale of the event build-
ing requirements by the same factor.

An average of 4 GB/sec comes from the front-
end links into the DAQ. All event data goes to a sin-
gle processor, but the event building requirement
depends on whether all the data are immediately
sent, or whether they are buffered and dispatched
in several phases according to the trigger strategy.
In the ‘phased’ approach, the event building re-
quirement can be less than 2 GB/s.

The target Level-3 accept rate is 200 Hz. Thus
the basic requirement for writing raw data is ~20
MB/s.

13.3 Design criteria

The principal criteria for the design are simplicity
and ease of maintenance, scalability to meet new re-
quirements, and the ability to follow developments
in technology. A scalable architecture for the DAQ
system is essential in order to allow for changes
in the running conditions of the experiment that
will affect trigger rates, event sizes and trigger al-
gorithms and result in increasing demands on data

Event Size (All Detectors) [kB]

Figure 13.1: Total Event Size distribution.

bandwidth and processing requirements.

Commercial components will be used for front-
end links, the readout network and the processing
farm, and interfaces suitably designed to prevent
dependence on a particular technology. It is im-
portant that each component can be tested and
validated individually, since this greatly simplifies
the integration and commissioning of the complete
DAQ system.

Data transmission errors must be detected at all
stages where communication links are used. Auto-
matic detection and recovery procedures are needed
to ensure the integrity of the data and the event as-
sembly mechanism.

It is important that tests can be run in paral-
lel on different sub-detectors, particularly during
calibration and commissioning periods. The con-
cept of partitioning will be used to permit this,
and this has important consequences for the de-
sign of the DAQ system. A partition is defined
to be a subset of the DAQ system that has been
configured to function independently of the rest of
the system. More than one partition may exist
at any time thus permitting parallel data streams.
Each stream will have its own set of Readout Units
(RU’s), Sub-Farm Controllers (SFC’s) and its own
independent trigger source. The facilities for dis-
tribution of trigger and timing information, event
building and event storage, must support the par-
titioning concept.
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13.4 Readout protocol studies

Within the overall framework of the DAQ architec-
ture, two different protocols have been studied for
managing the collection of event data[2]. The first,
called the ‘full-readout protocol’, requires that data
are immediately transmitted by all RU’s through
the readout network, such that a complete event is
directly assembled in a destination processor. In
the second approach, called the ‘phased-readout
protocol’, data from subsets of the RU’s are sent in
several phases corresponding to the demands of the
high level trigger algorithms. The full-readout ap-
proach uses a simpler protocol but places increased
bandwidth requirements on the readout network.
The functional components of the two protocols are
illustrated in Figure 13.2a and Figure 13.2b.

In both approaches the Front-End Multiplexers
(FEM’s) push data to their appropriate RU after
a Level-1 accept decision. There is no further pro-
tocol between the input stage of the RU and the
FEM. After the RU’s the two protocols have im-

portant differences, and these are elaborated in the
following sections.

13.4.1

Data from the FEM’s are assembled in the RU
and are immediately dispatched through the read-
out network to an SFC. The algorithm for deter-
mining the SFC address can be extremely simple,
for example using the event number modulo the
number of SFC’s. The buffering capacities of the
SFC’s will be designed such that in normal oper-
ation there is always sufficient space available to
receive data from the RU’s. Obviously the system
must also be designed to cope with bursts of data.
For this a throttle signal is sent to the Readout Su-
pervisor anticipating the buffer overflow situation,
and is used to reduce the trigger rate such that the
buffer occupancies can be stabilised. The latency
of the throttle signal translates into buffering re-
quirements at the different levels of the readout.
First simulation results show that tens of millisec-

Full-readout Protocol
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onds are available for the throttle to be acted upon
before the buffers overflow. Hence this feed-back
does not have to be a fast signal, and can even be
implemented using the control network.

The SFC collects all event fragments, and once
the event is complete passes it to a processor run-
ning the high level trigger algorithms. Since all
data belonging to a trigger is immediately available
to the high level trigger algorithms, there is no real
need to distinguish between Level-2 and Level-3.
Thus the high level trigger algorithms can evolve
with complete freedom.

The bandwidth through the readout network re-
quired to implement this protocol is of the order of
4 GByte/s, assuming a 40 kHz Level-1 rate and 100
kByte event size.

13.4.2 Phased-readout Protocol

Using this protocol, the transfer of data from the
RU’s to the high level trigger processors takes place
in two or more phases'. In the first phase, the sub-
set of the event data that is needed by the Level-2
algorithm is transferred from the appropriate RU’s
to a processor. The data from the remaining RU’s
must be buffered for the duration of the Level-2
latency, i.e. ~ 10 ms. The Level-2 decision must
be transferred to all of these RU’s. On reception
of a Level-2 “No” decision the data are discarded.
On reception of a Level-2 “Yes” decision the data
must be sent to the processor that ran the Level-
2 algorithm to execute further filtering algorithms
(Level-3) on the complete event.

As in the case of the full-readout protocol the
RU’s will push the data to the SFC’s in each phase,
and again a throttle mechanism is required to pre-
vent buffer overflows.

The reduction factor of the bandwidth required
of the readout network depends on the rejection
power of the Level-2 algorithm and the fraction
of the complete event needed to execute the algo-
rithm. At a retention of 1 event in 8, and assum-
ing only 30% of the event data is needed by the
Level-2 trigger, the required bandwidth is of order
of 35% of the value for the full-readout option, i.e.
~1.4 GByte/s.

The phased-readout protocol requires a new
functional element, called an ‘Event Manager’. Its
function is to collect the Level-2 decisions and dis-
tribute them to the appropriate RU’s. The pres-
ence of an event manager would permit the dy-

IMore than two phases could be implemented. However
with the current performance of the Level-2 algorithms this
would result in little gain. A large number of phases would
eventually result in a “data on demand” scheme.
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namic load balancing across the processors of the
high-level trigger farm.

13.4.3 Comparison of the two proto-
cols

The full-readout protocol requires a larger scale
readout network, both in terms of bandwidth and
in number of RU’s and SFC modules. However
the complexity of these modules is less than in
the phased-readout case, since the protocol is much
simpler. It also has to be borne in mind that the
smaller the number of RU’s, the more ambitious are
the requirements on the multiplexing of the data
from the FEM’s into the RU’s.

From the point of view of simplicity of the pro-
tocols, and the flexibility it allows for the high-level
trigger algorithms, the full-readout protocol is to be
preferred. It is the availability of affordable high
bandwidth network technologies that will deter-
mine which protocol will be implemented. The de-
cision can be delayed for several years, during which
time the high level trigger strategy will evolve, and
the technology used for the readout network can be
evaluated in terms of cost and market share.

In the short term, effort will be concentrated on
making simulations (”virtual prototypes”) of the
entire readout system. Many design issues will be
studied, such as the impact of transmission errors
on the performance of the system and the impact of
latency of the throttle on the buffering capabilities
at the different levels of the readout.

13.5 Timing and trigger dis-
tribution

LHCb is the only experiment at LHC that has to
distribute more than one level of trigger decision to
the front-end electronics. The partitioning scheme
also places specific requirements on the distribu-
tion of different trigger signals to different parts of
the DAQ that may be running concurrently, asyn-
chronously and under control of different operators.

In the R&D phase for the LHC experiments
considerable work was done in the RD-12 project
[3] to develop a Trigger, Timing and Control dis-
tribution system (TTC) for the LHC experiments.
The TTC system comprises a transmitter that dis-
tributes timing and trigger signals over a passive
optical fibre network, and a special receiver chip
is under development for decoding this informa-
tion and distributing it to the front-end electronics.
One basic feature of this system is that it offers two
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Figure 13.3: Architecture of the LHCb Timing and
Trigger Distribution system. The figure shows two
subdetectors with their own local trigger and two
which only run with the LHCD trigger.

transmission channels (A and B) of 40 MHz band-
width each. Channel A is reserved to transmit a
clock synchronous to the LHC clock and one level
of trigger decision, whereas channel B allows com-
mands to be sent to individual receiver chips or
groups of chips (broadcasts).

Careful study has shown that this TTC system
can be used in the LHCD environment to distribute
both Level-0 and Level-1 trigger decisions to the
front-end electronics[4]. Channel A will be used
to transmit the LHC clock and the Level-0 trig-
ger decision, and channel B to transmit the Level-
1 trigger decision. The scheme depicted in Fig-
ure 13.3 will be used to support partitioning. This
would enable a sub-detector to run either within
LHCb, or in stand-alone mode. Both the TTC
transmitter and receiver chip could be used with-
out modification. All other components, i.e. pro-
grammable switch, fan-out and readout supervisor,
will be built specifically for LHCb. At least one
transmitter will be deployed for each sub-detector,
and a total of a few thousand receivers will be re-
quired.

13.6 Error handling

There is a non-negligible probability that data trans-
mission errors will occur, both in the collection of
the data and in the distribution of control and sta-
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tus information[2]. The error rate depends strongly
on characteristics of the technology used to transfer
the data, e.g. the frame sizes, transmission media
etc. One essential requirement on the data trans-
mission technology is the ability to detect that an
error has occurred.

Transmission errors in the acquisition of data
can have two types of consequence:

e Errors leading to a violation of the readout
protocol through corruption of protocol in-
formation, e.g. the event number. These will
result in incomplete events being assembled.
The protocol has to be designed to handle
these cases, usually manifesting themselves as
timeouts.

e Errors leading to corruption of the contents
of the event data. This will result in missing
or wrong information in small pieces of data.

Since the two readout protocols are very simi-
lar, the effect of data transmission errors on their
performance is also very similar. Neither of the
high-level protocols described above implements a
re-send mechanism in case the receiver detects an
error 2. If the expected error rate of the chosen
technology is unacceptable, error correction codes
can be implemented to overcome the problem. Er-
ror correction codes have a minimal impact on the
total data volume (~ 2%), and allow correction of
single bit errors and detection of double bit errors
[2].

The most serious transmission errors are those
in the TTC system, since they cannot be detected
immediately but only at a later stage in the read-
out of the data. For example, a missing clock sig-
nal or a wrong Level-0 decision can cause a de-
synchronisation of the pipelines in the front-end
electronics. An appropriate scheme will be devised
to recover from these errors once their expected
rate is measured. These measurements are cur-
rently being performed in the context of the RD-12
project.

13.7 Implementation studies

The DAQ implementation studies aim at investi-
gating the feasibility of the proposed DAQ archi-
tecture and protocols, identifying the critical com-
ponents and suggesting strategies for their imple-
mentation. Different technologies have been con-

2There are technologies, e.g. SCI, that implement an au-
tomatic re-transmission of data at the physical level when
an error is detected.
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sidered : ATM and SCI which are well advanced
standards, the Ethernet family for which Gigabit
Ethernet is an emerging standard, and Myrinet a
single company solution. A detailed account of the
implementation studies and of an ATM implemen-
tation is given in [5]. A scheme based on SCI is
proposed in [6].

13.7.1 Requirements

The following assumptions on data traffic patterns
have been used in simulation studies of the imple-
mentation. The data distribution by detector and
front-end link is obtained by normalizing the val-
ues from Table 13.1 to a total event size of 100
KByte. The Level-1 trigger frequency is taken to
be 40 kHz. The inter trigger delay is variable, but
is not of great importance, since the DAQ system
provides several levels of de-randomizing buffers.
The latency of Level-2 is assumed to be 10 msec,
and for Level-3 200 msec. For phased event build-
ing, the hypothesis is ~40% of data required for
the Level-2 algorithm and a rejection factor of 8.

Safety Factor: The figures above characterize
the working point of the DAQ system. To provide
a safety factor, it is required that the load at the
working point should represent 50% of the maxi-
mum load that the DAQ system is able to sustain.
A load of 100% would be realised by increasing the
trigger frequency by kr and the event size by kg
with kE X kF = 2.

13.7.2 Implementation model

The event building system (Figure 13.4) consists of
sources (i.e. RU’s) and destinations (i.e. SFC’s)
connected by a single network. RU’s are all identi-
cal but allow for a variable number of Front-end
Link receivers. The destination modules are all
identical as well. The functionality of each com-
ponent is summarised below.

Readout Units (RU)

A Readout Unit collects data from one or more
front-end links, trying to achieve a load of its net-
work link of ~50%. The determination of the mul-
tiplexing factor depends on the front-end link data
rate, on the bandwidth connecting the RU to the
network, and on the requirement of partitioning
that forbids links from different sub-detectors to
be mixed. These constraints result in an average
load somewhat lower than 50%.
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Figure 13.4: Implementation and functional model
of the event building system.

The RU’s have to cope with a total frequency
of event fragments several times higher than the
Level-1 rate. For example, a network providing a
bandwidth of 1 Gb~! can require a multiplexing
factor of 4 in some sources, thus leading to a rate
of event fragments at 160 kHz. Higher bandwidths
lead to higher multiplexing factors. The implemen-
tation of RU’s must rely on hardware solutions, or
at least on dedicated processors, to sustain such
rates. A detailed table giving the assignment of
Front-end Links by detector can be found in [5].

The assignment of a sub-event to a destination
can be determined locally on the basis of a look-
up table or by a dedicated controller that collects
information on the status of the SFC’s and event
processing units. Although the first solution is dis-
tributed, it requires a “slow” backpressure control
from the destination to the readout supervisor in
order to control the Level-1 trigger rate thus avoid-
ing buffer overflow in a destination. Another solu-
tion based on a central controller allows the load
to be balanced while keeping an optimal overall
throughput. It can easily be implemented if the
control messages are carried by the same data net-
work as the main DAQ stream. Possible implemen-
tations of the event building control are discussed
in detail in [5].
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Table 13.2: Number of SFC modules ( ~50% load

on link )
Network Full Phased
Readout Readout
Technology | # of | CPU/ | # of | CPU/
SFC’s SFC SFC’s | SFC
Ethernet 800 2-3 400 )
100 Mbs—!
ATM 400 5 250 8
155 Mbs~!
ATM 120 17 60 34
622 Mbs~!
Ethernet 80 25 35 57
1000 Mbs—!
Myrinet 56 36 27 73
1280 Mbs~!
SCI 132 15 - 16 67 30
4096 Mbs~!

If phased event building is implemented, the
source modules must implement a buffering scheme
where Level-3 data are stored until a Level-2 deci-
sion is made. The additional buffer space required
is modest: 1-2 MByte per RU (assuming event
building latency of a few msec, processing time of
10 ms and the highest rate of 80 kHz); it represents
a shift of buffer capacity from the sub-farms to the
RU’s.

Sub-Farm Controllers (SFC)

The SFC has the task of assembling sub-events to
full events and implements the event building pro-
tocol that copes with sub-event losses. It must
also implement the partial event building scheme
required by the partitioning requirements.

In a simple model, the SFC dispatches full events
to one of the processors in the sub-farm that it con-
trols, the individual processors not being ”visible”
from the RU’s. This gives the possibility of im-
plementing a local load balancing that issues an
overflow warning only when all the local resources
become scarce.

The number of SFC’s is not constrained by band-
width considerations. However the number of pro-
cessors required to process the flux of incoming
events in an SFC is proportional to the readout
network link bandwidth and is determined from the
average processing time per event and the number
of events per second arriving in the destination. Ta-
ble 13.2 gives the number of destinations for various
technologies, assuming a bandwidth occupancy of
~50%. The table has an entry for both protocols.
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Readout Network

The main function of the network is to route all the
parts of a given event to one destination. As such
it participates in the event building process. The
concentration of data towards one destination re-
sults in contention for shared resources. Depending
on the mechanism used by a particular technology
to resolve contention, this may lead to reducing the
usage of the available bandwidth, thus limiting the
maximum load that the network can tolerate. This
is an important issue that can be studied by simu-
lation.

The network can also be used for routing con-
trol messages. The problem of contention is not
important since most messages travel in the oppo-
site direction to the data transfer.

The main advantage of phased event building
is to reduce the network size by a factor 2-3, de-
pending on the data requirements for Level-2 and
on the rejection factor. The cost is a higher multi-
plexing of Front-end Links for Level-3 data, and a
more complex control of the Level-3 RU’s, the RU
having to implement an event retrieval or discard
logic.

13.7.3 An ATM implementation

The RU’s are connected to the readout network by
622 Mbs~! links. The Level-2 RU’s need to mul-
tiplex at most 2 Front-end Links. In the phased
event building case, a multiplexing factor of up to
4 is required for the RU’s providing data for the
Level-3 trigger. For the destinations, we have se-
lected links at 155 Mbs™! to have a small number
of processors in the sub-farms, possibly using ‘com-
modity’ symmetric multiprocessors (note however
that phased event building requires 8 x1000 MIPS
processors per sub-farm). The average load on a
destination link is ~50%, at the normal working
point conditions. The network consists of intercon-
nected switches offering 10 Gbs™! aggregate band-
width each, or the equivalent of 64 ports at 155
Mbs~™!. Table 13.3 gives the network characteris-
tics for both event building protocols.

Simulations of roughly equivalent networks, with
ports at 155 Mbs~! only, have been run: a 1024
ports switching network for the full event building
and 512 ports for the phased event building, equally
distributed in both cases between sources and des-
tinations. Results show that no congestion occurs
for events of 100 KByte at frequencies up to at
least 70 kHz (Figure 13.5). The buffer occupancy
inside the network due to contention is much lower
than the capacities usually provided by commercial
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Table 13.3: Number of RU’s and SFC’s for the
ATM scenario

Full-readout | Phased-readout
# of L2 RU’s 125 50
(622 Mbs™!)
# of L3 RU’s - 60
(155 Mbs™1)
# of SFC’s 494 244
(155 Mbs™1)

1 T T
Typical shared
ot Buffer size

10 in ATM switches

10

Ao

1070 Full EB, 70 kHz

1078

Probability (Occupancy>0)

Phasedl EB,L2 90lkHZ
4000 8000 12000

Occupancy (O) in cells

10719 16000

Figure 13.5: Tail distribution of Queue occupancy
in switching nodes.

switches.

13.7.4 Outlook

This example of an implementation enhances our
confidence that the proposed DAQ architecture is
feasible. Alternative or emerging networking tech-
nologies might provide equally valuable solutions
and will deserve further studies. There are 2 im-
portant subjects for further investigation. The first
is a detailed study of the feasibility of RU’s, mainly
from the point of view of sub-event building. Refer-
ence [5] suggests a layout that could easily be stud-
ied without hardware developments. The second
field of investigation is network simulation adapted
in particular to technologies other than ATM.

13.8 Detector Control System

The Detector Control System (DCS) will be used
to monitor and control the operational state of
the LHCb detector and the associated experimen-
tal equipment such as gas systems, high voltages,
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and readout electronics. The system should be
able to operate the experiment as a whole from the
control room during physics data-taking periods,
but it should also allow the operation of the differ-
ent sub-systems in a stand-alone manner at other
times. The DCS will also acquire slowly changing
data from the detector (for instance environmental
parameters such as temperatures, positions, etc.),
and store them permanently to be accessed by the
reconstruction and analysis programs.

The number of control and monitoring channels
will be of the order of many tens of thousands. To
handle this complexity, these channels will need to
be grouped into logical devices and devices will be
grouped into sub-systems. Each sub-system should
offer only summary data and high level commands
to other sub-systems, and to the operator.

Robustness and reliability are important require-
ments for the DCS. The DCS must be fully oper-
ational at all times, regardless of the state of the
experiment, of the DAQ system or of the LHC ac-
celerator. The DCS should be well integrated with
the DAQ system, since both need to exchange in-
formation and commands, and to ensure that a co-
herent interface is provided for control and status
display in the control room.

13.8.1 The DCS architecture

The architecture of the DCS inplementation is shown
schematically in Figure 13.6. It is a distributed
control system consisting of control stations (I/O
servers) and general-purpose workstations or servers,
interconnected by a local area network. The equip-
ment is connected to the control stations by means
of a field bus or by separated analog or digital
lines. The control stations will constantly read all
I/O channels and report to clients running on the
workstations and servers only when changes are de-
tected. Specialized process control stations will be
implemented using commercial programmable log-
ical controllers (PLC). They will also be connected
to control stations.

A key feature of the software architecture is the
central database. This database will contain all the
configuration parameters for the complete system
including the configuration of the data points, re-
lationships between equipment, data presentation
parameters, graphics, etc.

13.8.2 Organization and planning

The DCS will be part of the computing project of
LHCb. As for the DAQ, the central DCS will pro-
vide the frameworks and the infrastructure to the
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Figure 13.6: Hardware architecture for the Detec-
tor Control System.

sub-detectors groups which will need to configure
and develop the specific control functions for their
sub-detector.

A common project for the DCS for all LHC ex-
periments has recently started. The objective of
this project is to explore ways of providing a com-
mon DCS for all 4 experiments in a resource ef-
fective manner and recommend and support which
control system to use. LHCb is participating in the
project, and is currently engaged in writing the user
requirement document for the DCS kernel [7].
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Chapter 14 Computing

14.1 Data-flow model

The data produced by the detector and by Monte
Carlo simulation undergo a number of transforma-
tions before reaching the desktops of the physi-
cists performing the analysis. Each transforma-
tion places specific requirements and constraints on
the system. For example there are requirements on
processing power, data storage and network band-
width, and constraints from the availability of cal-
ibration and alignment data, or on the quality and
reliability of the algorithms.

The data flow model of the LHCb experiment
is shown in Figure 14.1. The model is similar to
that of other HEP experiments. There are however
certain features which are particularly relevant to
LHCb:

o The Level-2 and Level-3 software triggers must
achieve rate reduction factors of 8 and 25
respectively. This will require sophisticated
algorithms similar to those employed in the
full reconstruction, but which must be fast
enough to cope with the expected input rate
and highly reliable since only the data pass-
ing these triggers will be written to perma-
nent storage. Calibration and alignment con-
stants will need to be of sufficient quality to
allow the triggers to work efficiently, implying
that at least some part of the calibration and
alignment must be performed in real time.
The full reconstruction will make use of the
results of the trigger algorithms.

e The raw data is written to permanent stor-
age at a rate of 20 MB/s. The reconstruction
program adds a similar amount of data to
the data store, at a similar rate. Assuming
a data-taking year of 107 seconds, the per-
manent data store will have to be capable of
accepting in excess of 500 TB of data per year
at a rate of 40 MB/s. This is 2-3 orders of
magnitude greater than current experiments,
and similar to the other LHC experiments [1].

e Nearly all processes in the diagram access at
least some fraction of the data store. This is

a database of enormous size and complexity,
which will need to be designed, maintained
and populated in such a way that all pro-
cesses will have transparent access to the nec-
essary information.

14.2 Computing requirements

The tasks identified in the data flow model are anal-
ysed by breaking each of them down into subsys-
tems, such as individual subdetectors for the simu-
lation, subdetectors plus tracking, calorimetry and
particle identification for the reconstruction, and
individual physics channels for the analysis. For
each subsystem, studies are made of existing sim-
ulation, reconstruction and analysis algorithms to
measure processing power requirements, to under-
stand the types and volume of data required as in-
put and produced as output, and to evaluate the
dependence on calibration and alignment data.

The measurements are extrapolated to the final
system by making reasonable assumptions on the
evolution of the algorithms and on the expected
luminosity and trigger efficiency. Where suitable
algorithms do not yet exist, such as for pattern
recognition in the tracking system or for all but the
simplest analyses, estimates are based on extrapo-
lations from existing experiments. This approach
should ensure that the estimates of data storage,
processing and networking needs are realistic. It
should give a detailed understanding of access pat-
terns to the data and of the data flow logistics,
allowing reasonable constraints to be placed on the
computing model.

The current processing power and data stor-
age requirements of LHCb are summarized in Ta-
ble 14.1 and Table 14.2 respectively, and compared
with estimates of the annual requirements during
data taking. The detailed breakdown of the es-
timates by computing task can be found in [2].
The figures for reconstruction assume two passes
through the real data in order to extract calibra-
tion constants etc. One complete re-processing of
all the real data per year is also assumed. It should
be noted that the total CPU requirements do not
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Figure 14.1: LHCb data flow model.

necessarily map to processors installed. Only a de-
tailed computing model will tell how exactly the
mapping of requirements to processors will be done.
For example, some of the CPU power installed for
triggering could be used for re-processing outside

Private
Analysis
objects

Reco .
objects

Table 14.1: Processing power requirements

data-taking periods.

14.3 Computing infrastructure

Until very recently LHCb relied almost entirely on
public Unix services at CERN for its computing
needs. In the last few months access has been

gained to regional facilities outside CERN and to
the public PC simulation farm (PCSF) at CERN
for large Monte Carlo productions. Although pro-

cessing requirements are expected to grow by ~ 50%
per year until the end of 2000, it should be possi-
ble to satisfy these needs by use of these public

facilities during this period. The simulation pro-

Processing CPU used CPU needed
type (MIPS, 1997) | (MIPS, 2006)
Triggering

Level-2 - 4x10°
Level-3 - 1x108
Reconstruction

Real Data - 1.6x 108
Sim. Data 200 2x10°
Simulation

B-meson 600 1.2x 108
Background - 1.2x10?
Analysis

Real Data - 5x10*
Sim. Data 150 5x10°
Total 950 ~5x10°

gram will produce sequential data until the end of
1999, and therefore investment in object oriented
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Table 14.2: Data storage requirements

Storage type Storage used | Storage needed
(TB, 1997) | (TB/year, 2006)

Raw 0.01 200

Monte Carlo 1.0 100

Raw

Calibration - <1

& Alignment

Reconstructed 1.0 200

(Raw+MC)

Analysis 0.05 ~2

Total ~2.0 ~500

databases is not expected before 2000.

As test beam activity increases and Technical
Design Reports are prepared, a more significant in-
crease in CPU needs is anticipated. This will be
the appropriate time to begin investing in private
facilities. Investment in full scale facilities will be
left as late as possible, to benefit fully from contin-
uous improvements in the price/performance ratio
of computing equipment.

The main issues relating to infrastructure that
must be addressed during the preparation phase
are:

e The ability to build and operate large scale
computer farms containing several hundred
CPUs.

e The handling of petabytes of data stored in
a central database.

e The access to the data from HEP institutes
outside CERN.

These issues are of common interest to all LHC
experiments, and are discussed in detail elsewhere
[3]. Current thinking is that experimental data in
the LHC era will be logically stored in a single,
experiment-wide Object database, with the phys-
ical storage managed by a mass storage system,
as currently being investigated by the RD45 [4]
project. The distribution of storage and comput-
ing resources at CERN and amongst regional cen-
tres will be optimized, in the light of networking,
political and sociological constraints.

The mass consumer market will have a big im-
pact on the provision of the necessary computing
resources at an affordable cost. PC technology
is evolving rapidly, and industry standards must
be followed closely to avoid making inappropriate
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choices that might result in a premature commit-
ment to an obsolescent platform, language or op-
erating system. None of the requirements can be
considered outside the limits of current technology
trends.

14.4 Software strategy

The LHCDb approach to managing the production
of software is outlined below. More detailed infor-
mation can be found in [5].

14.4.1 Objectives

The strategy adopted for ensuring good software
quality will have important consequences for the
success of the experiment. Intensive use is made of
software in the trigger, and the event reconstruc-
tion and selection algorithms must be implemented
correctly and be fully tested by the time first collid-
ing beams are delivered. Bulk processing of TByte
data samples require large CPU facilities, and re-
processings will be costly and must be minimised.

Software quality can best be ensured by using
modern engineering practices, modern technologies
and by putting in place sound management prac-
tices for controlling the development process. Ef-
fort will be put into building high quality software
components, and the extra investment in manpower
that this represents will be recuperated by extract-
ing as much use as possible out of these components
in all application domains. Commercial products
will be used whenever appropriate technically, and
providing they can be licensed to all collaboration
institutes.

14.4.2 Technology

The software industry has invested heavily in the
development of Object Technologies. A good level
of maturity has been reached in the definition
of standards and commercial products, such as
databases and development tools, are becoming
widely available. Supported features, such as pat-
terns, components and frameworks, will provide op-
portunities for sharing concepts, designs and code
across projects and will therefore help to achieve
the re-useability goals already mentioned.

The most widely used OO language today is
C++. However C++ is known to have deficien-
cies and other languages could be more appropriate
providing they become widely used and attract in-
dustrial support. Javais an example today of a new
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language with this potential. The two most pop-
ular design methodologies, OMT and Booch, are
converging to define a single method, called UML,
incorporating the best features of both. UML is
supported, at least partially for the moment, by
the major CASE tools, such as Rose and StP.

At this moment a combination of C++ and
UML offers a robust and well supported software
development environment. However it is important
that the architecture and design of the software is
independent of the language and design tool, since
changes in the choice of methods and tools may
become necessary.

14.4.3 Migration policy

The process of understanding an object-oriented
language is typically quite time-consuming and it
can take several months to become an effective OO
developer. The transition to OO programming is
one of the most important challenges we face in
the immediate future and its introduction requires
careful planning.

At present the LHCb development environment
is based on FORTRAN. The simulation program is
the basic tool for making detector optimisation and
physics performance studies, and this uses GEANT3
as a framework. Tools for reconstruction and anal-
ysis written in FORTRAN also form part of the
maintained suite of software. It is our intention
to re-engineer these codes using Object Technolo-
gies. There is an incentive to make this transition
as soon as possible in order to minimise the amount
of “legacy code” that has to be maintained.

In the first instance, the language, tools and
programming environment will be selected and a
suitable infrastructure (i.e. user interface, data
management tools etc.) assembled such that ap-
plication development can begin. Much of the im-
petus for this work will come from the release of
the LHC++ library[6], which implements some of
the key HEP specific toolkits for data analysis,
a new detector simulation framework (GEANT4)
and object-persistency services based on a commer-
cial ODBMS (Objectivity). Using these compo-
nents, new simulation, reconstruction and analysis
frameworks will be developed. Once the develop-
ment tools and frameworks are in place, a rigorous
training programme will be organised for collabora-
tion members. At this time, further developments
of the existing FORTRAN code will be frozen, and
it will be discarded altogether as soon as the new
0O based programs are put into production. A de-
tailed plan exists showing details of the tasks and
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their timescales[7].

14.5 Project organisation

All computing related activities will be managed
within one project framework (Figure 14.2). The
scope includes on-line and off-line systems and cov-
ers both hardware and software aspects. The aim
of this approach is to minimise barriers between dif-
ferent activities and encourage the sharing of con-
cepts, tools and software. Teams dedicated to sup-
port software engineering and computing facilities
will provide the environments used to develop the
software and the computing infrastructure. The
development of software of common interest to all
applications will also be done by a dedicated team.
The Computing Project will be managed by a Steer-
ing Group, comprising the Computing Coordinator
and the leaders of the various subprojects.

14.6 Project management

The lifetime of the LHCb experiment, from its con-
ception to its completion, spans more than 15 years.
The main phases and activities during this time
are summarised below. More detailed information
on current planning, including task schedules and
manpower estimates can be found in [7].

Preparation phase (now — 2000) Functional
specifications of all components will be developed.
Knowledge and experience of relevant technologies
must be accumulated, and in some cases detailed
evaluations made through prototyping and simula-
tion. This will be an intense period of learning and
will involve formal training. Public computing fa-
cilities will be used for the processing of simulation
and testbeam data during this period.

Implementation phase (2001 — 2003) Final
choices will be made on software and hardware tech-
nologies, and all sub-systems developed. Reviews
will be made of the architecture and design of soft-
ware in the light of experience obtained during the
preparation phase. Hardware components will be
built and tested, and installed in the experimental
area. During this phase, data processing needs will
increase sharply, due to increased test beam activ-
ity, and investment in private CPU capacity will be
needed.

Commissioning Phase (2004) A significant pe-
riod of time must be allocated for the assembly
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of all the various computing subsystems, and for [2] P. Binko,“LHCb  Computing  Tasks”,

thoroughly testing them under realistic data tak-
ing conditions, since the detection and elimination
of faults can take a considerable time. The soft-
ware must also be tested in advance to ensure that
the event selection mechanisms and reconstruction
algorithms are working correctly, and that the ex-
pected data volumes and processing loads can be
sustained. Operational experience must be obtained
with large scale CPU farms. The commissioning
phase must therefore start towards the beginning
of 2004.

Operation Phase (from 2005) This starts when
beams are delivered and involves maintenance of

the computing environment to match evolving re-

quirements and to keep up to date with technology

changes.
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Chapter 15 Reconstruction

15.1 Simulation program

For physics performance studies, events are pro-
duced using the PYTHIA 5.7/JETSET 7.4 genera-
tor [1]. Default values are used for the physics pa-
rameters of PYTHIA. The LHCb detector response
is simulated using a program (SICb) based on the
GEANT 3.21 package [2]. A description of the de-
tector elements is given in Part IT of this Technical
Proposal.

SICb contains a simplified model of the LHC
beam elements, the LHCb cavern and infrastruc-
ture, and a detailed field map of the dipole mag-
net that includes inhomogeneities and stray field.
The beam pipe and the vacuum tank, containing
the Vertex Detector, are fully reproduced in the
program. They have a large effect on the particle
fluxes in the spectrometer generated by secondary
interactions.

Simulation of the Vertex Detector takes into ac-
count details such as energy deposition in the sili-
con wafers and charge sharing between the strips.
The support structure and the R.F. shield are in-
cluded in the simulation.

The RICH simulation includes generation and
tracking of Cherenkov photons up to the surface of
the photodetectors. A detailed digitisation package
is implemented for the HPD photodetectors. How-
ever, only parameterised photodetector efficiencies
and resolutions have been used for physics studies.

In the Outer Tracker, the drift time is simulated
from the position of the particle trajectory in the
drift cell. The Inner Tracker hits are generated
with a single-hit r.m.s. of 60 pm.

Energy deposition in the ECAL is calculated in
the GEANT framework with energy thresholds of
1 MeV for electrons and photons, and 10 MeV for
hadrons. With these threshold values, the shower
development in the media of the calorimeter, in-
cluding energy leakage at the boundaries, can be
accurately simulated.

Energy deposition in the HCAL is determined
with an energy threshold of 500 MeV for all par-
ticles. A limited amount of data produced with
thresholds of 1 MeV for electrons and photons and
10 MeV for hadrons shows that the results obtained

with the higher threshold values are valid.

For both calorimeters the digitised energy is
then calculated by smearing the deposited energy
assuming Gaussian resolution.

The Muon Detector includes the iron absorbers
and the muon stations. Low-energy particles pro-
duced in secondary interactions are taken into ac-
count when generating the pad hits.

In the event reconstruction, a full pattern recog-
nition is made for tracks in the Vertex Detector,
including those outside of the spectrometer accep-
tance. Pattern recognition in the main tracking
system is not yet fully implemented. However, a
study made for the Level-2 trigger shows that the
efficiency for finding a track element in the main
tracking system, using a seed found in the Vertex
Detector, is very close to 100%.

Track parameters are obtained by a fit proce-
dure based on the Kalman-filter algorithm, where
continuous energy losses and multiple scattering
are taken into account.

The primary vertex is determined using all the
tracks found in the Vertex Detector, including those
outside of the spectrometer acceptance. For tracks
with no momentum measurement, momenta are es-
timated from the polar angles of the tracks. The
resolution of the reconstructed primary vertex is
0y, =0y =9 pm and o, = 38 pm for pp inelastic
events.

For particle identification with the RICH coun-
ters, parameterised angular resolutions of the mea-
sured Cherenkov angles in the three radiators are
used to calculate probabilities for the e, u, 7, K
and p hypotheses. Studies of full pattern recogni-
tion have been used to verify the efficiency of this
method. Information from the ECAL or Muon De-
tector is added, if available, for the electron candi-
dates and muon candidates, respectively.

If an electromagnetic cluster has no correspond-
ing hits in the pad chamber (M1), it is considered
to be a photon.
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15.2 Flavour tag

Identification of the initial flavour is required in
order to study neutral B-meson decays involving
flavour oscillations. This is achieved by measuring
the flavour of the accompanying b-hadron from the
charge of decay leptons and kaons. If the tagging
lepton is a direct product of the decay of the b-
hadron (i.e. b — £), or the tagging kaon contains
the s-quark from the decay chain b — ¢ — s, then
the flavour of the parent b-hadron at decay will be
correctly identified.

Leptons are required to be identified using infor-
mation from the Muon Detector and the calorime-
ters, combined with information from the RICH. To
reduce the contamination by electrons from conver-
sions, tracks are required to have at least one space
point measured in the Vertex Detector. The pr of
all lepton-tag candidates is required to be above
1.5 GeV/c. As seen in Fig. 15.1, this cut reduces
leptons from b — ¢ — £ decays, that produce a
wrong tag as they have opposite charge to those
produced by b — £. If more than one muon- or one
electron-tag candidate exists, the candidate with
the highest pr in each tag class is chosen.

Kaon-tag candidates are selected using RICH
particle identification. As seen from Fig. 15.2, kaons
from b-hadron decays have a large impact param-
eter, dyg. Therefore, the candidate tracks are re-
quired to have an impact parameter with respect
to the primary vertex with a significance, dp/og,
greater than 3.0, where oy is the error on dy. In ad-
dition, tracks must have an impact parameter less
than 30 mm and a pr greater than 0.4 GeV/c. It is
also required that the tracks have at least one space
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Figure 15.1: The measured pr distribution for
muons from b — u, b = ¢ — p and other sources,
in events where one B meson decayed into 77 .
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Figure 15.2: Measured distribution of the impact
parameter significance for charged kaons with pr
> 0.8 GeV/c from b-hadron decays and from other
sources, in events where one B meson decayed into
mT7~. The kaons are required to have at least one
associated Vertex Detector hit.

point measured in the Vertex Detector to obtain
a good impact-parameter measurement. If more
than one kaon-tag candidate survives these cuts,
then the candidate with the highest pr is chosen.

The statistical error of an asymmetry measure-
ment is inversely proportional to ,/Etag(l — 2wiag)
where £y, is the efficiency for finding a tag and wiag
is the wrong-tag fraction. Oscillations of neutral B
mesons introduce an irreducible source of wrong
tags. For Bq mesons, the wrong-tag fraction is en-
hanced if cuts are applied which reject decays at
early proper time. The By mesons oscillate rapidly
and their decay products do not provide useful tags.
Another source of wrong tags is misidentification of
particles. The cuts discussed above are chosen to
maximise ,/Erag(l — 2Wiag)-

Up to three simultaneous tags could be present
in one event. If more than one tag exists, the best
tag is chosen according to a hierarchy: muon, then
electron, then kaon.

Tagging efficiencies and wrong-tag fractions could
differ for different triggers and different tag cate-
gories. By combining the separately measured CP
asymmetries for each trigger and tag category, the
smallest statistical error can be obtained. How-
ever, for the physics performance studies the over-
all tagging efficiency and wrong-tag fraction have
been used. Simulation studies show that the tag-
ging efficiency and wrong-tag fraction do not vary
significantly between different decay modes (within
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a statistical error of a few percent). They are

Etag = 040, Wtag = 0.30 .

15.3 B} — atr

To isolate well-measured tracks that are potentially
from B decays, the following requirements are im-
posed:

e At least one three-dimensional space point in
the Vertex Detector;

e An impact parameter with respect to the pri-
mary vertex of dy < 5mm, an associated er-
ror of o4 < 500 um, and a normalised impact
parameter of do/og > 1;

e x2 per degree of freedom of the track fit less
than 50.

The B — 77~ reconstruction then proceeds by
attempting to form a vertex of all opposite-sign
combinations from such tracks, and calculating the
invariant mass under the pion hypothesis. Demand-
ing that the combination falls in a initial mass win-
dow of 5.0-5.5 GeV/c?, that the vertex x? be below
5, and that the flight distance be at least 0.5 mm,
results in a signal efficiency of 62% with respect to
triggered events within the acceptance, and sup-
presses the triggered background by a factor of 100.

After this preselection, the following vertex cuts
are applied to further reduce the combinatoric back-
ground:

e The significance of impact parameter, dy/oq4,
for both candidate pions to be greater than
3;

e The separation in z between the secondary
and primary vertices normalised by the as-
signed error, §,/0s., to exceed 3;

e The momentum vector of the reconstructed B
to be consistent with the flight path from the
primary to the secondary vertex, such that
cosfp > 0.95, where 0p is the opening angle
between these two vectors;

e No additional track can be added to the can-
didate vertex which results in a vertex-fit x2
per degree of freedom below 500;

e No alternative vertex of 3 tracks or more with
a flight distance compatible with a B decay,
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and x? per degree of freedom below 300 can
be made using either of the two tracks from
the candidate B§ — 777~ vertex.

The final two cuts ensure that the pions are uniquely
associated to the candidate B} — 77~ vertex,
and that this vertex is unambiguously made from
the two tracks.

In addition, kinematic cuts are imposed on the
candidate pions and on the reconstructed B meson:

e The polar angle of the pions, @, in the B rest
frame to satisfy |cosf;| < 0.9;

e The transverse momentum, pf, of both pions
to exceed 1 GeV/c, and at least one pion to
have pT. > 3.5 GeV/c;

e The transverse momentum of the reconstructed
B, p& to exceed 3 GeV/c;

The event selection is summarised in Table 15.1,
and the distributions of signal and background in
the most important variables are shown in Fig. 15.3.

The net efficiency of these cuts on the unbiased
BY — 771~ event sample is 18.3%, but after the
events have passed the Level-0 and Level-1 triggers
the efficiency becomes 28.6%. This indicates the
high correlation between the trigger and the recon-
struction cuts. Those B} — 777~ events surviv-
ing have a mass resolution of 17 MeV/c2. To fur-
ther suppress the combinatoric background, a tight
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Figure 15.3: Distributions of signal (points) and
background (broken line) for the most important
vertex and kinematic cuts in the B} — 77~ se-
lection.
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Table 15.1: Summary of event selection in the
BY — w7~ analysis. Efficiencies are given with
respect to the preceding step in the selection.
“LHCD acceptance” refers to that fraction of events
where both pions fall within the acceptance and are
momentum-analysed by the spectrometer.

Requirement BY — mrefficiency
LHCb acceptance 0.136
Trigger 0.168
Preselection 0.658

Vertex 0.603
Kinematic 0.724

Tight mass window 0.898
Particle id 0.941

Total efficiency 5.5 x 1073

mass window of £30 MeV/c? is imposed, together
with the condition that both tracks are found to
be pions by the RICH system. The criteria for
the pion identification are the “m best” criteria dis-
cussed below. The total reconstruction efficiency
for B} — mt 7~ events passing the trigger is 24.2%.
In one year of running at nominal luminosity, 6.9 k
reconstructed and tagged events are expected.

The proper-time resolution is found to be 0.04 ps.

Figure 15.4 shows the acceptance curve of surviv-
ing events as a function of proper time. This has
been fitted to a function of the form:

(at)®

giving a = 0.96 £ 0.06ps~! and b = —0.09 & 0.03.

+ b, (15.1)
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Figure 15.4: Acceptance of signal events as a func-
tion of proper time for the B} — 777~ analysis.
The line is a fit to Equation 15.1.
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No events from a generic bb sample of 500k
events pass this selection. By loosening certain cuts
and studying how many events are selected, it is
seen that the signal to combinatoric background
ratio is consistent with 1. The background contri-
bution from specific two-body decay modes is con-
sidered separately below.

Rejection of two-body backgrounds

A crucial requirement of the B} — 77~ analy-
sis is the ability to suppress other B decays with the
same two-track topology. Most important of these
are By - Kt7—, B? - K*K~ and B? - K 7.
These channels have unknown CP asymmetries and
therefore, if present in the selected sample, will con-
fuse the interpretation of the observed CP asymme-
try. LHCDb is well equipped to suppress these back-
grounds by virtue of its good mass resolution and
the 7 /K separation provided by the RICH system.

The £30 MeV/c? mass window alone is suffi-
cient to suppress these backgrounds by a factor of
3. To achieve the necessary rejection, however, the
RICH information must be used. Three criteria of
“pion identification” have been investigated:

e 7T consistent — that the pion probability re-
turned by the algorithm be 5% or greater for
both tracks;

e 7 best — that the best hypothesis returned
by the RICH algorithm be a pion or lighter
particle, for both tracks;

¢ K inconsistent — that the kaon probability
returned by the algorithm be less than 5% for
both tracks.

The efficiencies of these criteria relative to the “no
particle identification” case on the channels of in-
terest are shown in Table 15.2. Also shown is the
signal-to-background ratio, calculated on the as-
sumption that the branching fractions of By —
ntr~ and B? — K 7' are identical, and that
the branching fractions of B} — K*n~ and B! —
KK~ are 2.1 times higher. The “7 best” condition
gives the best statistical precision on the CP asym-
metry, and is consequently adopted for the yield
estimates. In combination with the tight mass cut
it gives a signal-to-background ratio of almost 20,
thereby reducing the effect of systematic biases in
the background to a negligible level. Figure 15.5
shows the reconstructed mass peak before and af-
ter the pion identification.

To ensure that the results of the fast RICH pa-
rameterisation used for these studies are reliable, a
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Table 15.2: Summary of the effect of RICH criteria and mass cuts on the signal-to-background ratio
(S/B) in the B} — 777~ analysis, with efficiencies shown in the two-body decay channels with respect
to the case where no RICH information is used and a wide mass window is imposed. The wide mass
window is 5.0 — 5.5 GeV/c? whereas the tight mass window is +30 MeV/¢? around the B} mass. The
RICH criteria and assumed relative branching fractions are stated in the text.

RICH criterion Mass cut || B > 7afn~ | B} > Kt7~ [ B 5 K 7" | B 5 K"K~ | S/B
None Wide 1.00 1.00 1.00 1.00 0.4
None Tight 0.90 0.28 0.16 0.55 0.9
7 best Wide 0.92 0.08 0.07 0.01 4.9
m best (full simulation) | Wide 0.95 0.12 0.09 0.02 3.4
m consistent Wide 0.99 0.17 0.12 0.05 2.4
K inconsistent Wide 0.79 0.03 0.01 < 0.01 12.5
7 best Tight 0.85 0.02 < 0.01 < 0.01 18.0

limited-statistics analysis has been repeated using
full simulation of the photodetector response, and
complete pattern recognition as described in Chap-
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Figure 15.5: The reconstructed mass peak of two-
body B decays under the B — w7~ hypothesis
(a) without particle identification, (b) with particle
identification. The dark shading indicates the sig-
nal and the light shading the two-body background.
The particle-identification criteria are given in the
text.

ter 9. Despite the fact that the pattern recognition
has not yet been tuned in this environment, a good
performance is observed.

The background surviving the particle identi-
fication is dominated by events with tracks of too
high a momentum to be reliably analysed in RICH 2.
About 70% of this background has a track of mo-
mentum greater than 150 GeV/¢, whereas only 20%
of the signal is of such a nature. By imposing a mo-
mentum cut and tight RICH criteria an extremely
pure sample of signal events could be isolated.

Alternatively, the RICH information can be used
to identify kaons and thereby select clean samples
of the two-body decays other than BY — wFr~.
For instance, by requiring that one of the tracks be
“m best”, the other be “K best” (that is with a best
hypothesis of a kaon or heavier particle), and cal-
culating the invariant mass of events accordingly,
enables B} — K7~ events to be isolated with a
purity of 99%. The total efficiency of this selection
is 4.9 x 1073,

15.4 BY — pr

In the B — pm analysis kinematic cuts are applied
to the charged tracks and photons in order to sup-
press combinatoric background prior to the p and
79 reconstruction. These cuts depend on the polar
angle 6 and are given in Table 15.3. After these
cuts there are on average ~ 4 photon candidates
per event. Asymmetric 7° decays are eliminated
by demanding both photons to be above a common
energy threshold.

The 7° reconstruction only considers decays with
the two ECAL clusters clearly distinguishable. With
such a procedure, a 7°-mass peak is reconstructed
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Table 15.3:

Initial kinematic cuts applied to

. . . 0
charged pion and photon candidates in the By —

pr analysis.

6 (mrad) || pr (GeV/c) | Ey (GeV)
<70 > 2.0 > 6.0
70 — 140 > 1.5 > 4.0
> 140 > 1.0 > 2.0

as shown in Fig. 15.6 (a). The width varies between
5 and 10 MeV/c? depending on the region of the
ECAL used and the energy of the 7. In the selec-
tion a window of 15 MeV/c? is imposed.

The p peak found in the p*7T channel has a
width of 100 MeV/c?. For both the p*zF and
p°m® channels a mass window of £250 MeV/c? is
imposed.

Finally vertex cuts are applied to reject the in-
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Figure 15.6: Reconstructed mass for (a) 7° candi-
dates and (b) BY in the B — pm events.
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clusive bb background. These cuts are similar to
those of the By — 77~ analysis, although at
present, not all of the possible variables have been
studied.

The final B-mass peak is shown in Fig. 15.6 (b),
with a width of 44 MeV/c®. A mass window of
+100 MeV/c? gives total efficiencies of 24% in the
pTrT channel and 23% in the p°7® channel, for
triggered events. The proper-time resolution and
acceptance is found to be compatible with the B} —
nTrn~case. The efficiency of the event selection
is summarised in Table 15.4. With this perfor-
mance the numbers of reconstructed and tagged
events in one year of running are expected to be
551, 214 and 491 for BY — ptn—, B} — p~ 7" and
BY — pn° respectively (assuming the branching
fractions given in Table 15.10). This yield can be
improved by refining the m°-finding algorithm to
select high-momentum decays.

Although the mass resolution is more than two
times worse than for B§ — 777~ decays, the sub-
mass constraints provide additional tools for back-
ground suppression. At present there are inade-
quate statistics in simulated generic bb events to
measure the background-to-signal ratio, but an up-
per limit of 40 has been determined in the B} —
pTn~ channel.

15.5 By - D* 7"

The selection of B} — D*~7T events has been
studied using two methods. In the first the decay

Table 15.4: Summary of event selection in the
BY — pr analysis. Efficiencies are given with re-
spect to the preceding step in the selection. “LHCb
acceptance” refers to that fraction of events where
both the charged pions are momentum-analysed by
the spectrometer, and both photons are seen as iso-
lated clusters above 2 GeV in the ECAL; hence it
includes a large part of the 7°-finding efficiency.

Requirement pErT pOm?
LHCb acceptance 0.009 0.013
Trigger 0.10 0.13
Kinematic cuts 0.65 0.80
70 identified 0.93 0.95
p identified 0.93 0.92
Vertex/kinematic 0.35 0.35
Tight mass window 0.95 0.94
Total efficiency 1.7x107* [ 3.9x107*
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chain D° — K* 7~ is reconstructed; the second is
an inclusive reconstruction of D® — X+Y~(+ neu-
trals), a topology which dominates D° decays.

In the D° — K*7 reconstruction, loose RICH
criteria are used to select the candidate D° decay
products. The D*~ —DP mass peak has a resolution
of 1 MeV/c? and is shown in Fig. 15.7 (a). A win-
dow of £1.7 MeV /c? is imposed on this mass differ-
ence. A requirement of 500 ym separation in z be-
tween the B and primary vertices is made, together
with kinematic demands on the transverse momen-
tum of the decay products. The final mass peak
has a width of 13 MeV/c?. Selecting candidates
within a window of £30 MeV/c? about the nomi-
nal B mass results in a reconstruction efficiency of
45% for events surviving the trigger. The steps in
the reconstruction are summarised in Table 15.5.
This performance implies 85.9 k reconstructed and
tagged events in one year’s operation at nominal
luminosity.

In the inclusive analysis the B mass is recon-
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Figure 15.7: (a) The D*~ — D° mass peak in
the exclusive By — D*“rTanalysis, (b) the
m(r~XTY ") — m(XTY ") mass peak in the inclu-
sive analysis. The shaded area is the background,
superimposed with arbitrary normalisation.
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structed solely from the candidate pions of the B
and D*~ decay. These tracks form a vertex with
a resolution of ~ 35 um in = and y and ~ 400 ym
in z. Assuming that the direction of the slow pion
from the D*~ is that of the D*~ itself allows the
absolute value of the momentum to be determined,
and in turn the B mass. After quality cuts, this
mass resolution is 250 MeV /c?.

Candidate pseudo-D%s are formed from
oppositely-charged tracks with significant impact
parameter, and combined with the slow pion. This
enables a cut to be made on the mass difference
m(r~XTY")-m(XTY™). This distribution is
shown in Fig. 15.7(b). By cutting at < 200
MeV/c? a substantial fraction of the background is
removed. Additional background rejection comes
from requirements on the B and D° vertices, and
on the transverse momentum of the pion from
the B decay. A total reconstruction efficiency
of 7% is obtained for those events passing the
trigger. A total of 446 k events are expected to be
reconstructed and tagged for one year’s running at
nominal luminosity.

With present inclusive bb statistics the signal-
to-background ratio is estimated to be better than
two in both analyses.

15.6 BY — J/¢Ks

The reconstruction of the BY — J/1Kg channel be-
gins by selecting lepton pairs with opposite charges

Table 15.5: Summary of event selection in the
BY — D*~ 7t analysis. Efficiencies are given with
respect to the preceding step in the selection. In
the exclusive case “LHCb acceptance” refers to
that fraction of events where all decay products
are momentum-analysed in the spectrometer. In
the inclusive case the definition is loosened to the
requirement that at least two oppositely-signed
charged tracks from the D° decay chain are found.

Requirement DY -5 Ktr— | DO - X*tY~
LHCb acc. 0.079 0.098
Trigger 0.21 0.21

DY found 0.78 0.99
D*~ — DO cut 0.96 0.86
Kinematic cuts 0.76 0.30
Vertex cuts 0.79 0.28
Tight mass cut 0.99 0.92
Total efficiency || 7.1 x 1073 1.4 x 103
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which make good J /1 candidates, followed by search-

ing for Kg candidates. Finally they are combined
to make BY mesons.

The tracks of the lepton pair selected for the
J /¢ reconstruction are required to be measured in
the Vertex Detector to ensure a good vertex resolu-
tion. Furthermore, the x2 per degree of freedom of
the vertex fit has to be less than 5. The J/4 pro-
duced at the primary vertex are rejected by requir-
ing the longitudinal distance between the primary
and J /4 vertices to be > 400 pm.

The mass resolution of the J/¢ — u™p~ peak
is 9 MeV/c?, and a mass window of +£27 MeV/c?
around the nominal J/¢ mass is used to select the
signal. In the case of J/¢) — eTe™, along tail to the
lower-mass region is present due to energy losses,
therefore a wide mass window of +1 GeV/c? is
applied. For those combinations within the mass
windows, momenta and vertices are fitted under
J/1-mass and vertex constraints, requiring a x? per
degree of freedom < 5. The vertex resolution ob-
tained is 153 um. Figure 15.8 shows the invariant-
mass distribution of u*u~ pairs and ete™ pairs for
signal events that pass all analysis cuts.

For the reconstruction of Kg, two oppositely
charged particles identified as compatible with pi-
ons with a probability > 5% are combined. In order
to reject pions from the primary vertex, a cut on
the impact parameters (dp) of the two pions,

|d(1) — d3|
— < 0.85
d(l) + d(2) < ’

is applied. The x? per degree of freedom of the
vertex fit is required to be < 5 and the distance
between the primary and the Kg-decay vertices is
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Figure 15.8: Invariant mass distribution for (a)
ptp~ and (b) ete™ pairs, for B§ — J/9Kg events
after the cuts described in the text.
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Figure 15.9: Invariant-mass distribution of 7+x~,
for BY — J/¢Kg events after the cuts described in
the text.

required to be > 5 cm. Figure 15.9 shows the in-
variant mass plot for selected #¥7~ combinations
for triggered By — J/¢Kg events. The Kg mass
resolution is found to be 3 MeV/c? and a mass
window of 10 MeV/c? is used to select Kg candi-
dates. For those candidates, a fit with vertex and
Ks-mass constraints is applied, requiring a x? per
degree of freedom < 5. The vertex resolution ob-
tained is 450 pm along the direction of flight.

Finally, the J/¢ and the Kg are combined to
make the B3. The reconstructed J/¢» vertex is
taken for the B} vertex. The impact parameter
of the reconstructed Bg is required to be < 60
pm. Figure 15.10 shows the mass distributions for
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Figure 15.10: Reconstructed J/¢Kg invariant mass
for (a) B — J/¢(uTp~)Ks and (b) for B} —
J/¢(eTe ™ )Ksg, for signal events after the cuts de-
scribed in the text.
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Table 15.6: Summary of efficiencies to reconstruct
B? — J/¢Kg decays.

Requirement || J/¢(eTe™)Ks | J/o(ptu~)Ks
LHCD acc. 0.09 0.10
Trigger 0.13 0.25

Bq4 reconstr. 0.19 0.46
Total 2.3 x 1073 11.5 x 1073

the reconstructed B} — J/¢(u*p~)Ks and B —
J/v(ete”)Ks. The mass resolutions are 7 MeV /c?
and 20 MeV/c? respectively. The mass windows
for the accepted Bg candidates are £21 and +30
MeV/c?, respectively.

The resolution of the B-meson proper time is
found to be 0.045 ps for B — J/¢(uTp~)Ks and
0.055 ps for B§ — J/¢(eTe™)Ks, independent of
proper time. The reconstruction efficiency as a
function of proper time is fitted to Equation 15.1
with b = 0, giving a = 2.19 £ 0.12 ps~ .

The geometrical acceptance and trigger and re-

construction efficiencies are summarised in Table 15.6.

Since the major source of background is the acci-
dental combination of a real J/¢ produced away
from the primary vertex with a real Kg, the J/4’s
in the signal sample were combined with other pos-
sible Kg’s in the event to study the combinatorial
background. Those J/v’s produced at the primary
vertex are largely rejected by the cut in the longi-
tudinal distance between the primary and J/¢ ver-
tices, and by the condition that they should form
a good B} mass when combined with the Kg. The
number of background events within the mass win-
dow is multiplied by the ratio of the branching frac-
tion for B} — J/¢+X to that for B — J/¢¥Ks.
This gives a background-to-signal ratio of 0.4.

For B — J/+(eTe™)Kg events, the decay mode
BY — J/yK*° followed by K** — Kg7® was stud-
ied as a source of background, and was found to
give a negligible contribution.

15.7 B! — D;r* and B? - D¥K*

The BY — D;y7zt and BY — DFK* channels
are chosen to measure Amg and the angle 7y re-
spectively. The selection and reconstruction of BY
candidates in these channels need to optimise the
proper-time resolution which is crucial for resolving
the fast B oscillations.

All analysis cuts were optimised without any
trigger requirement on a sample of 28 k B? mesons
generated within 600 mrad of the beam axis,
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and decaying to Dyn™ followed by Dy — ¢m~
(¢ - KTK~). The B? — D77t candidates are
then reconstructed from all combinations of two
oppositely-charged tracks assumed to be kaons and
two oppositely-charged tracks assumed to be pi-
ons. Each track must be well measured, i.e. have
at least 26 hits in the tracking system including
at least two space points in the Vertex Detector, a
measured momentum greater than 2 GeV/c with at
least 1.5% precision, and a RICH particle identifi-
cation compatible with the assumed mass hypoth-
esis at the 5% level.

The Dy candidate vertex is obtained from a
mass-constrained fit of the two kaons and one of
the pions, and a x? probability cut is applied at
2%. No D, mass cut is necessary after the above
requirements, but the reconstructed K™K~ mass is
required to be within £30 MeV/c? of the nominal
¢ mass. The second pion is then added to form
a BY candidate. The reconstructed Dy 7T mass is
required to be within £35 MeV/c? of the nominal
B? mass and the x? probability of the B? vertex
fit to be greater than 1%. The BY proper time is
estimated as

t=1L mB, /sz )

where mp_ and pp_ are the nominal B? mass and
the reconstructed B? momentum. The B? decay
length L is estimated as

L=Ls—Lp, Lsp=42sp- pPs./pB.,

where #s is the measured B? decay point and i'p
is the primary-vertex position determined from the
remaining tracks in the event.

In order to reduce the background, candidates
where the B? vertex is reconstructed downstream
of the Dy vertex or with L/or < 5 are rejected
(o, being the event-by-event estimate of the error
on L obtained from the covariance matrices of Zg
and Zp). Furthermore, the transverse momentum
of the D;” with respect to the beam axis is required
to be greater than 2 GeV/c. Cuts are finally ap-
plied on the impact parameters dy with respect to
Zp: the B? must point back to the primary vertex
(dES < 50 pm) while its decay products must not
(dg® > 50 pm and df > 75 pm).

The fraction of signal events that are in the de-
tector acceptance, triggered and reconstructed is
(0.55 £ 0.03)% (see also Table 15.11). The time
dependence of this combined efficiency is parame-
terised using the function given in Equation 15.1
with b=0, giving @ = 1.7 £ 0.2 ps~'. After all
trigger and reconstruction requirements, the RMS
resolutions on the D, mass, the B? mass and the
B? momentum are found to be 4.0 = 0.1 MeV/c?,
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Figure 15.11: Proper-time resolution for triggered
and reconstructed B? — Dy 7" events.

11.0£0.4 MeV/c? and (0.25+0.01)%, respectively.
The vertex positions Lp and Lg have core resolu-
tions of 38+2 ym and 162+9 pm. This results in an
RMS resolution on the proper time of oy = 43+2fs
(see Figure 15.11).

Negligible background from charm events is ex-
pected after trigger and selection. Backgrounds
from b-events consists of real Dy associated with a
random track (“D; background”) and of fake D
formed from random tracks (“combinatorial back-
ground”). Their rate has been estimated from the
number of background candidates found in the sig-
nal events. In order to increase the statistics, no
trigger requirement is made and the B’mass win-
dow is enlarged to +2 GeV/c?. The number of
observed events (4 for the Dy background and 3
for the combinatorial background) are scaled by ap-
propriate factors obtained from the efficiency of the
tight BY mass cut and under the assumption that
BR(b-hadron — DFX)/BR(b — B? —» D nt) =
500. The fractions of Dy~ background and combina-
torial background are estimated to be (1.0 +£0.5)%
(< 2% at 90% CL) and (4.0£3.7)% (< 12% at 90%
CL) respectively.

The B? — DFK* reconstruction is similar to
the B — D_ n" reconstruction, except that the
K* from the B? is subject to tighter requirements
in order to remove the B — DI 7T background
where the pion could be misidentified as a kaon.
The K+ candidate is required to have a momentum
greater than 3 GeV/c and to be positively iden-
tified by the RICH system. Monte Carlo studies
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show that a pion-misidentification rate of 0.1% can
be achieved in this momentum range, while main-
taining a 90% efficiency to identify kaons. This re-
duces the background due to B — D77t decays to
less than 2% of the selected candidates. The com-
bined geometrical, trigger and selection efficiency
for B — DFK* events is 0.49%.

Other D; decay modes contributing to the
KtK~7~ final state, in particular Dy —
K*K~ — (K*77)K~, will also be reconstructed
and used for both the B — D7nt and B? —
DFK® channels. For the events yields presented in
Table 15.12, an effective D;; — K*K~ 7~ branch-
ing ratio of 4.0% is assumed, with the same effi-
clency and purity as for D; — ¢m—. This effective
branching ratio corresponds to the sum of the ¢7~
and K**K~ modes.

15.8 BY — J/v¢

In the reconstruction, only those tracks where the
kaon hypothesis has the highest probability are con-
sidered as kaons. A similar condition is applied for
leptons. With those selected tracks, all possible
K+tK~¢*¢~ combinations are formed. Only those
combinations where at least two tracks are mea-
sured with the Vertex Detector (with no less then
3 space points) are kept. Since the opening an-
gle between the kaons from ¢ — KTK™ is small,
at least one of the tracks measured in the Vertex
Detector is required to be a lepton.

A vertex is fitted with the four tracks and ac-
cepted if the x? per degree of freedom is less than
3. The ¢ candidates within a mass window of
400 MeV/c? are accepted.

The reconstructed J/v’s from muon pairs have
a mass resolution of 9.3MeV /c?. Those within 3o
are accepted, and Bg mesons are reconstructed with
a mass resolution of 11.9 MeV/c?>. Only those
B; candidates with reconstructed mass within
+35.7 MeV/c? from the nominal Bg mass are kept.
Reconstructed By decay vertices have resolutions
of 0, = 0y = 12 pm and o, =135 pm, resulting
in a decay-length resolution of o = 137 pym. The
proper-time resolution of the reconstructed Bg me-
son is oy = 0.032 ps. A separation of the primary
and secondary vertices, [ /o7 > 3, is applied.

For the J/v candidates from ete™ pairs, those
with invariant masses above 2 GeV are selected and
combined with a ¢. Only those B candidates with
an invariant mass above 4 GeV are considered. A
kinematic fit with the By and J/¢ masses as con-
straints is then applied, and only events with a x?
per degree of freedom less than 2.7 are kept. The
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Table 15.7: Total reconstruction efficiencies for
Bs = J/9¢ decays.

J/b(ee)d | I/P(up)o
LHCb acceptance 0.10 0.11
Level-0 triggered 0.50 0.82
Level-1 and -2 0.33 0.36
BY reconstructed 0.53 0.68
Total .009 .022

resolution of the proper time for the reconstructed
B; meson is the same within statistical errors as
that obtained from data with muons.

The total reconstruction efficiencies are sum-
marised in Table 15.7. As for the case of B —
J/9¥Kg, combinatorial background due to the J/4
from B-meson decays combined with fake or real ¢’s

is studied using B? — J/1¢ events. The background-

to-signal ratios are found to be 3% and 30% for the
muon and electron samples, respectively.

The time dependence of the reconstruction effi-
ciency is described by the acceptance function de-
fined by Equation 15.1 with b = 0, giving a =
1.5ps~! and 2.0ps™ 1, for J/v(ee)d and J /o (),
respectively.

15.9 By — DK*

For these decay modes, the decay fractions inte-
grated over proper time are measured. The decay
BY — DPK*? is a self-tagging mode, i.e. no addi-
tional flavour tag is required.

Given the small visible branching fractions of
108 to 1077, suppressing background while keep-
ing a high efficiency for the signal is a challenge.

The following requirements are made for reconstruct-

ing B} — DOK*0:

e Charged tracks are required to have at least
one hit in the Vertex Detector and the parti-
cle identification probability (from the RICH)
has to be greater than 0.2, for the selected
particle-type hypothesis.

e The D° and K*° candidates made from K*+7~
combinations must form good vertices, i.e. x>
per degree of freedom < 10, and their masses
must be within 14 MeV/c? or 40 MeV /c? of
the nominal masses, respectively.

o A ratio | (df —d)/(dl + dF) | of less than
0.9 is required for the impact parameters of
the K* and D-meson decay products.
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e For a BY candidate, the D’K** combination
is required to have a mass within 25 MeV/c?
of the BY mass.

e The B- and D-meson vertices are required to
satisfy 0 < zp — zp < 3 cm and the decay
length of the BY is required to be more than
500 pm and less than 3 cm.

e The normalised decay distance in z between
the D° and K*°, (zp — zk-)/(2p + 2K+), is
required to be in the range —0.1 to 0.7.

e The cosine of the angle between the momen-
tum vector and the flight direction of the BY
candidate has to be greater than 0.9999.

e The absolute value of the cosine of the angle
between the momentum vector of the kaon in
the D rest frame and the D momentum must
be less than 0.9.

e The separation between the primary vertex
and the B vertex is required to exceed 4 o.

D; — KtK~ and 77~ decay channels are recon-
structed in a similar way.

Table 15.8 summarises the signal efficiencies af-
ter various reconstruction steps. Figure 15.12 shows
the invariant-mass distribution of the D°K*? can-
didates for triggered B§ — D°K*® events in which
two good vertices are reconstructed. The mass res-
olutions of the D° and the B} mesons are 7.0 and

Without RICH
300 r
200
100
With RICH

O 5 55 6
mK*" 7w K" n") [GeV/c]

Figure 15.12: Invariant-mass distribution of
K-7tK*7r~ for B — DOK*? events after a loose
selection (shaded area). The distribution is also
shown without any particle identification (open
area).
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Table 15.8: Signal efficiencies after different recon-
struction steps for B — DYK*? events.

5OK*O
LHCb acceptance 0.083
Triggered 0.13
B? reconstructed 0.50
Topological cuts 0.42
Total 2.3 x1073

13.0 MeV/c?, respectively. The mass distribution
obtained after applying particle-identification cri-
teria is superimposed, demonstrating their impor-
tance. In inclusive bb events the latter result in a
suppression factor of more than 100.

In order to reach the required sensitivity with a
restricted sample of simulated background events,
selection criteria are loosened for those cuts where
the individual efficiencies factorise. This has demon-
strated that a final background-to-signal ratio of
less than 1 can be achieved for the decay B} —
DOK*0. With the present statistics of simulated
events, the signal-to-background ratio is less than
5 for the D°K*® and D;K*° modes. The branching
fraction of the latter depends in addition on the
angle v and the strong phase A.

15.10 B — K*'y

The photons from BY — K*Oy decays have a
relatively-large transverse energy compared to the
photons from other sources, as shown in Fig-
ure 15.13. Therefore, a large suppression of back-
ground can be achieved by requiring high-Et pho-
ton candidates. The K* vertex gives another
means to suppress background.

In the reconstruction, the following selection
criteria are applied:

e The transverse energy of the photon candi-
date to exceed 4 GeV;

e Electromagnetic cluster isolation: the ratio
of energy deposition in 3 x 3 cell clusters and
5 x 5 cell clusters, Esx3/Es5x5 > 0.94 for the
inner part of ECAL and > 0.97 for the middle
and outer parts;

e Tracks to be consistent with the K~ and 7+
hypotheses with a probability > 5%;

e The mass of K~7T to lie in the interval
|m(K~7+) — m(K*)| < 55 MeV/c?;
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Figure 15.13: The Er spectrum of the photons
from B — K*%v (points) and bb background (his-
togram).

e The x2 per degree of freedom of the secondary-
vertex fit to be < 9;

e The separation in z between primary and sec-
ondary vertices, dz > 1.5 mm,;

e The impact parameter (dyp) to the primary
vertex of both tracks to exceed 400 pm;

e The transverse momentum of the K*°, pp(K*?),
to exceed 1 GeV/¢;

e K*0 polarisation cut: the angle between the
BY and K~ in the K*O rest frame to satisfy

200
150 F

100

B [
M.‘\MH‘\HH

1 1.5
M (K™n*) [Gev/c]]

b
e
908 4902 00g0uen 0 a®

%0

4 6
pr (K'n*) [GeVic]

-1 -0.5 0 0.
cos(pg, Py)

Figure 15.14: The distributions of the main selec-
tion variables for B} — K** (points) and inclusive
bb background (histogram).



1o.11. SUMMARY OF LVIUNL YIELI)D

Table 15.9: Summary of the efficiencies for
BY — K*%y decays, and for bb background in 4.
The numbers are given without the trigger selection
applied.

Cut K*0y bb
LHCb acceptance 0.16 -
L0 Triggered 0.22 0.0059
L1+L2 Triggered 0.30 0.14
K~ and 7T reconstruction || 0.90 -
K~ and 7T identification 0.90 0.21
K*? mass cut 0.73 0.14
x? p.d.f. secondary vertex 0.98 0.75
Zprim — Zsec > 1.5 mm 0.70 0.11
dp > 400 pm 0.62 0.064
K*? polarisation 0.82 0.57
pr(K*) > 1 GeV/e 087 | 0.1
0 < 0.1rad 0.96 0.16
Total efficiency 0.0018 | 5 x 1079

cos (P_;g, P_}() < 0.6;

e The opening angle between the momentum
vector of the reconstructed B and the flight
path from the primary to the secondary ver-
tex, fp < 0.1rad.

Distributions of the discriminating quantities used,
for signal and inclusive bb events, are shown in
Fig. 15.14.

The B-meson invariant mass distribution before
and after these cuts is shown on Fig. 15.15 (a) for
triggered events. The width of the reconstructed B
mass is 67 MeV/c?. The signal window is defined
to be £200 MeV/c? around the nominal B mass.

Background is estimated by scaling the num-
ber of accepted events in an enlarged mass window

E 1] L [
4 4.5 5 55 6 4 4.5 5 55 6
M (K™x*y) [GeVic] M (K™ny) [GeV/c]

Figure 15.15: The K~ "+ mass distribution before
(open histogram) and after (hatched histogram)
the selection is applied for (a) B — K*°v; (b) bb
background.
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from 4 to 6 GeV/c?. The bb background mass dis-
tribution before and after the selection is applied is
shown in Fig. 15.15 (b) for triggered events. Only
three events out of 2 million generated bb events
pass all reconstruction requirements.

Efficiencies for the signal and inclusive bb
events are summarised in Table 15.9. With
BR(BY — K*%y) = 4.9 x 107" [4] the signal-to-
background ratio is calculated to be ~ 1.

15.11 Summary of event yields

In this section, all the necessary quantities for cal-
culating event rates for the pilot channels are sum-
marised. With the following assumptions:

e a 30 MHz bunch-crossing rate for two filled
proton bunches colliding at IP8 (see Section
12.2),

e a nominal luminosity of 2 x 1032 cm=2s7!,
e an inelastic pp cross-section of 80 mb and a
bb cross-section of 500 ub,

only 59% of bb pairs are produced in bunch-
crossings with a single pp interaction, which are
used in the offline analysis. Furthermore, 5% of
single pp-interaction bunch-crossings are rejected
by the Level-0 pile-up veto. Therefore, only 56% of
produced bb pairs are used in the offline analysis;
i.e. 5.6x 10! useful bb in one year (107 s) of LHCh
operation.

The B*, BY, BY and A, production rates from b
quarks are taken to be 40%, 40%, 12% and 8%, re-
spectively. The same fractions are assumed for the
charge-conjugated states. Numbers of B mesons
available for the offline analysis in one year are then
given by:

BTXy, + cc. = 4.5x 10!
B9Xy 4+ c.c. = 4.5 x 10!
BYX}, + c.c. = 1.3 x 101

where X}, and c.c. stand for hadrons with a b-quark,
and charge-conjugated states, respectively.

The branching fractions relevant to the physics
performance studies for B and B? decays are shown
in Table 15.10.

Table 15.11 shows visible branching fractions,
geometrical acceptances of the LHCb spectrometer
for all the decay products of a given final state, trig-
ger efficiencies for the accepted events, and offline-
reconstruction efficiencies for those geometrically
accepted and triggered. It also shows the tagging
efficiencies with e, p and kaon tags.
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Table 15.10: Assumed branching ratios for B} and
BY decays.

Mode [ B.R. | Comments

BY —

Tt 0.7 x 10° | calculated from [3]
7070 0.3 x 107> | calculated from [3]
Ktr= | 1.5 x 107 | Ref. [3]

pto~ 1.8 x 1075 | scaling B} — wtn~
pmt 0.7 % 197% | scaling B — 7 m~
p°p° 0.7 x 1075 | scaling B§ — 70x°

D* 7t | 2.6 x 10~% | Ref. [4]

J/UKs | 4.4 x 10~* | half of BY — J/yK°[4]
J/PK= | 1.5 x 10~ | Ref. [4]

DOK*0 | 1.3 x 10~ | estimate

DOK*0 | 1.7 x 10~% | scaling B} — DOK*
D;K*® | « f(7,A) | depends on v and A
K*y | 49 %1077 | Ref. [4]

B? —
ntK— 0.7%x 107" | same as B§ — w7~
KTK~ | 1.5 x 107 | same as B - Ktn~

Dont | 3.0x 107 | same as B} — D~ nt[4]
Dy7T | 3.0x 1073 | same as B} — D™t [4]
D:=rt | 3.0 x 1072 | same as Dy 7"

D Kt | 20x107* | scaling B? — Dy 7"
DFK~ | 3.1x 107" | scaling B} — DD [4]
J/pe | 93x 1074 | Ref. [4]

Based on Table 15.11 and the numbers of B-
mesons produced, the number of events for each
final state reconstructed (and tagged, in the case
of flavour non-specific decays) are summarised in
Table 15.12 for one year (107 s) of LHCb opera-
tion. The wrong-tag fractions and the background-
to-signal ratios are also shown.

References

[1] T.Sjostrand, CERN-TH 7112/93 (1993).

[2] CERN Program Library Long Writeup W5013
(1993).

[3] R. Godang et al. (CLEO), CLNS 97-1522
(1997).

[4] R.M. Barnett et al., Physical Review D54,
(1996) 1; and 1997 off-year partial update for
the 1998 edition available on the PDG WWW
pages (URL: http://pdg.lbl.gov/).

ot IR INOES



ot W INOES

1o/

Table 15.11: Summary of visible branching fractions, geometrical acceptance, trigger, offline reconstruc-
tion and tagging efficiencies, calculated for B and BY. The function f(v, A) is defined in Equation 16.17.

Mode Visible Br. Acc. Trigger | Offline | Tag (e+p+K)
(x1072) | (x1072) | (x1072) (x1072)

BY —

Tt 0.7x10°° 14 17 23 40
Ktr~ 1.5 x10°° 14 17 21 -
pr () 1.8 x 1075 0.9 10 19 40
p~ (=) at 0.7 x 107° 0.9 10 19 40
PO (nta=)n0 0.7 x 107° 1.3 13 23 40
D* D(K+r o Jrt | 6.7x107° | 7.9 21 43 10
D*~[D°(incl)r—]r+ | 1.8x 1073 | 9.8 21 6.8 40
J/p(ete )Ks(rtr™) | 1.8x 1075 | 9.2 13 19 40
J/(ptp~)Ks(rtr™) | 1.8 x 107° 10 25 46 40
DY(K+7 )K*(K*+n~) | 3.3x 1077 8.3 13 21 -
DY(K-aH)K*0(K*n~) | 4.3 x 1078 8.3 13 21 -
DY(K*K)KO(Ktn~) | o f(7,A) | 8.3 13 21 :
DY(rta ) KO(K*tn~) | o« f(v,A) 8.3 13 21 -
K*(K*7 )y 32x107° | 16 6.6 17 .
BY —

D, (KK « )n" 12x10 7] 89 16 10 10
D, (K+K 7 K+ 81x10°6 | 89 16 36 40
DF (K+K~n+)K- 1.3%x107% | 89 16 36 40
J/pleter)p(KTK™) | 27x107° | 10 17 53 40
It )p(KTK™) | 2.7 x 1075 11 30 68 40

Table 15.12: Number of final states which are fully reconstructed, and tagged if required, together with
the background-to-signal ratio (B/S) and the wrong-tag fraction (wiag), for BY and BY.

Mode | Nofitine | B/S | Wtag
BY —

mta~ + c.c. 6900 1 0.3
Ktr= + c.c. 33,000 0.5 -
pTr~ + cc. 551 | < 40 0.3
p~nt + cc. 214 | na.| 0.3
P70 + c.c. 491 | n.a.| 0.3
D*~ (D excl.)nt + c.c. 85,900 | < 0.5 0.3
D*~(Dincl.)7™ + c.c. | 446,000 | < 0.5 0.3
J/YKs+ c.c. 55,600 0.4 0.3
D°K*° + c.c. 337 <1 -
DYK*? + c.c. 45 ~1 -
K*0y + c.c. 26,000 | ~1 -
BY —

D; 7" c.c. 86,000 0.05 0.3
D7t + cc. 34,500 0.05 0.3
DK + cc. 2100 | 0.08 | 0.3
DfK™ + c.c. 320 0.08 0.3
3 /() + c.c. 31,000 | 0.03 | 0.3
J/p(ee)p + c.c. 13,000 | 0.30 | 0.3




100 ot IR INOES



Chapter 16 CP Sensitivities

16.1 Formalism

Many excellent articles describing CP violation in
B-meson decays can be found elsewhere [1]. In this
section, the formalism is presented in a way which
can be easily applied for both B} and BY systems.

The symbols B and B are used to denote the
particle and antiparticle states for both B} and BY?
systems. The most general expressions of the time-
dependent rates for initial B and B decaying into
a final state f at a given time ¢ can be expressed
as:

Ri(t) o Leriin v )
R« B2 erno -1
(16.1)

where Ay is the instantaneous decay amplitude for
B — f and I is the average decay width for the two
mass eigenstates |B;) and | By ), which are given by

+(-)dB)], (16.2)

|Bin)) = [p|B)

1
N

ie. T' = (I +T')/2. Two time-dependent func-
tions, I, (t) and I_(t) are given by

I (t) = (1 + |n|*) cosh %t — 2R n sinh %t

I_(t)=(1—nl*) cos Amt —2Sn sin Am ¢
(16.3)
where the decay width- and mass-difference are given
by AT' =I'; —T'y, and Am = my —m,;. The param-
eter 7 is given by

g4y

16.4
=1 (16.4)

where Zf is the instantaneous decay amplitude for
B — f, and p and ¢ are defined in Equation 16.2.

The rates of CP-conjugated final states f are

then given by

_ Azl L, - _

R5(t) o 5 ¢ [T4(t) +1-(1)]
e

ryt) x |2 e (T - T

(16.5)
where Z? is the instantaneous decay amplitude for

B — f. Two time-dependent functions, T4 (t) and
I_(t) are given by

- AT AT
I+ (t) = (1 + |ﬁ|2) COSh Tt — 2§Rﬁ sinh Tt
I_(t)=(1—7]*) cos Amt — 237 sin Amt
(16.6)
where the parameter 7 is given by
—__DpYr
= —= 16.7
= g (16.7)

and A? is the instantaneous decay amplitude for
B — f.

In the time-dependent decay-rate asymmetries,
defined as

R - Ry0)
A0 = R oTRO .
e fm Ts(t) (16:8)
_(t) - - ’
7 Rr) + R ()

any acceptance effect of the detector is cancelled,
since the asymmetries are built for identical final
states. They are therefore better quantities to be
studied experimentally than the individual decay
rates.

For a CP eigenstate, f and f are identical and
only the decay rates given in Equation 16.1 need
to be considered. The rate asymmetries Af(t) =
Af(t) become a CP asymmetry. If f is a flavour-
specific final state, i.e. A7 = 0 and A; = 0, it
follows that n =7 = 0 and

_ r
I+ (t) I+ (t) = cosh Tt

cos Amt .
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T: tree diagram - d .
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b ‘ T
B’ 4 a

P: an example of penguin diagrams
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Figure 16.1: The tree diagram and a penguin dia-
gram (gluonic) generating BY — n+7~ decays.

Even in the presence of physics beyond the Stan-
dard Model, the approximation |¢/p| =~ 1 is valid
up to a few times 1073. Therefore, it is generally
assumed that |¢/p| = 1. The decay-rate asymme-
tries (Equation 16.8) are then given by

_ L@ R0
L)’ I.(t)

For the B) meson, AT = 0 can be safely as-
sumed, even in the presence of new physics. For the
BY meson, AT'/T =~ 0.1, and cannot be neglected.

It should be noted that, within the Standard
Model,

Ay ()

A7(t) = (16.9)

go.2_ —2is

0.9 _ 265y
d: , Bi:==e

p p

where 3 and §- are angles of the unitarity triangles
discussed in Chapter 1.

Y

B) — J/¢¥Kgs : The final state J/¢Kg is a CP
eigenstate and is generated dominantly by the b —
c tree diagram. In addition, the leading penguin
contribution has the same weak phase as the tree
diagram; i.e. A;/A; = —1. It follows that the CP
asymmetry is given by

Ajjyks (t) = —sin 23 sin Am t , (16.10)
which allows the extraction of 3.
BY — @«tw~ : The final state 777~ is a CP

eigenstate and generated by the b — u tree di-
agram, T, and by the small (but not negligible)
b — d penguin diagram, P (Fig. 16.1). It follows
that

Azz(t) =a cos Amt+0bsin Amt,  (16.11)
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Figure 16.2: Two tree diagrams generating BY and
B? —» DK™ decays.

where

P . .
a=2 ‘T sin Ap/rsina

and

P
b= —sin 2a — 2 ‘T cos Ap/Tcos 2asina

where Ap,/p is the difference between the strong
phases of the penguin and tree diagrams. Note
that the triangle relation a = © — 8 — v is used
to obtain « in the expressions. Once the fraction
of the penguin contribution P/T becomes known,
a and Ap,p can be extracted.

B? — DFK~ : Both B? and B? can instanta-
neously decay into Dy Kt with tree diagrams T,
b = c+W(— T+s), and Tr, b - u+W(— T+s), re-
spectively (Fig. 16.2). The two branching fractions
are of the same order, i.e. |n| = |7 = |T»/T1| ~
O(1). Therefore the rate asymmetries, Ap—y+ (%)
and Ap+y- (t), can be large. It follows that

argn
argnm =

-y + 2(5’)/ + ATl/TQ

16.12
’7—2(5’7+AT1/T2 ( )

where A, /7, is the strong-phase difference between

T; and T5. From the two decay asymmetries, —y + 2 d~y

and Ar, /7, can be obtained.

B? — D #t : Only the BY can instantaneously
decay into D 7. Tt follows that

cosAmt
AD;ﬂ,Jr (t) = W 5 (1613)
cosh Tt

which can be used to measure Am(By).
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Figure 16.3: Two colour-suppressed tree diagrams
generating B — D°K*® and D°K*? decays.

B? — J/¢¢: The J/¢¢is a mixture of CP= +1
and CP= —1 states, depending on the orbital an-
gular momentum between the J/¢ and ¢. It follows
that

1- r62i6'y

= 16.14
147 ’ ( )

n
where r is the ratio of the B? decay amplitudes into
the CP= —1 and CP= +1 states. If the two ampli-
tudes have the same strong-interaction phase, then
r is real. In this case, 7 and 2§y can be obtained
from the decay asymmetry

Ay juo(t)
(1= nl?) cos Amt — 237 sin Amt (16.15)

AT AT
(1 + |n|*) cosh Tt — 2R 7 sinh Tt

BY — DOPK*® : The final states D°K*?, DOK*0
and D;K*°, where D; is the CP= +1 eigenstate,
are all flavour specific, i.e. the K*® indicates that
they are the decay products of a BY at the time
of decay. Therefore, no flavour tag is required for

measuring the branching fractions. The decays B} —

DYK*? and B — DPK*? are produced by the tree
diagrams T1, b - ¢+ W(— u+s), and T>, b —
u+ W(— T+s), respectively, which are both colour
suppressed (Fig. 16.3). The two branching frac-
tions are expected to be of the same order. There-
fore, D’ — K~7* and D® — K+7~ decays are used
to identify the D® and D°, and the doubly Cabibbo-
suppressed decays D® — K7~ and D° — K—n*
can be safely neglected. The decay amplitudes cor-
responding to the T} and T tree diagrams have the
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following relations:

|AD0K*0 | =ay

A_o *0
| Apok (16.16)

|AD0K*0 = |ZBOK*0| = Q2.

The decay rates to the CP eigenstates are then
given by

a’ = |Ap,k-o|?
B a3 + a3 + 2aiaz cos(y — A, /1)
2
= f(r,4),
ai = |ZD1E*° 2

ai + a3 + 2aiaz cos(y + Ar, /1)
2 )

(16.17)
where Ar, /1, is the strong-interaction phase dif-
ference between the 77 and 75 diagrams. By mea-
suring six branching fractions, for B§ — DOK*?,
DYK*® and D;K*°, and B} — DYK*?, DK*° and
D;K*°, consistency of the measurements can be
used to test Equation 16.16, and v and Ar, /7, can
be extracted using Equation 16.17.

16.2 Rate normalisation

Before extracting the CP-violating parameters from

the measured decay-rate asymmetries given in Equa-
tion 16.8, the effect of other sources producing a B

and B decay-rate difference have to be corrected

for:

1) The production rates ng and ng of B and B
mesons in pp interactions are different, and
depend on the B momentum vector.

2) The tagging efficiencies eg and e for B and B
mesons are different because of charge asym-
metries of the detector. This depends in gen-
eral on the momentum of the tagging particle.

The corrected decay-rate asymmetry is given
by: o
_ Ny() = ra(t) x Ny(t)

Ny(t) +rp(t) x Ny (t)’

where Ny(t) (Ny(t)) is the total number of recon-
structed B (B) decays at decay eigentime ¢, and
rp(t) is an average normalisation factor close to

unity given by

/ " {Q(t)] £B [Q(t;] n[Q()]dQ(2)

Ay (t)

rp (t) =
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Figure 16.4: The ratios of the number of pro-
duced B-hadrons and B-hadrons as a function of
the hadron momentum, for B, (top left), Bgq (top
right) and Bs (bottom centre) hadrons. Straight-
line fits to the data are superimposed.

where Q(t) represents the phase space for given
eigentime ¢ and n[Q(t)] is the distribution of the
reconstructed events in this phase space.

A large contribution to the rate normalisation
factor rp can come from the charge asymmetry of
the detector, introducing different tagging efficien-
cies for B and B. Such an asymmetry would be
caused by the difference in detector efficiencies at
the right and left sides of the detector, together
with the dipole field, which separates particles ac-
cording to their charge to the right or left sides. At
the position of the calorimeters, this separation is
about 80%, and further downstream at the Muon
Detector it is almost 100%. Differences in the effi-
ciencies of the detector from one side to the other
introduce a rate difference of B and B decays. This
problem is considerably reduced if the magnet po-
larity is switched frequently compared to the typ-
ical time constant of changes in the detector effi-
ciency.

Once the charge symmetry of the detector is re-
stored, the average normalisation factor rp(t) will
depend only on the difference of the production
rates of B and B hadrons in pp interactions. This
difference can be determined as a function of the
B-meson momentum using final states for which
no CP violation is expected, e.g. BY — J/9KO*.
The ratio of B°/B° as a function of the momen-
tum, predicted by PYTHIA, is shown in Fig. 16.4.
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Although these differences are small, they need to
be determined experimentally.

Figure 16.4 also shows that the normalisation
of the initial B and B rate is different depending
on the B-meson type, i.e. B,, Bq or Bs.

If the momentum dependence of the rate nor-
malisation is small (or small within a given B-
momentum bin), the rate normalisation simply in-
troduces an offset in the theoretical asymmetry in
the following way:

1
Ameasured(t) = Atheory(t) - —(TB — 1) . (1618)

2

Since the theoretical asymmetry has a time depen-
dence, the rate normalisation could in principle be
determined simultaneously with the CP-violation
parameters. However, this leads to increased sta-
tistical uncertainties for the CP parameters (up to
a factor of 2) due to their correlation with the ini-
tial rate normalisation.

16.3 Systematic errors

As discussed in the previous section, the initial rate
difference of B and B mesons in pp interactions will
be determined using control channels, where no CP
violation is expected, e.g. B} — J/¢YK°*. The
total statistics from control channels will exceed
the statistics from the CP-violating decay chan-
nels, and therefore the systematic error due to the
initial rate normalisation will always be smaller
than the statistical error of the CP parameters.
In a difference of CP-violating asymmetries, e.g.
Arx — Aj/yks, the contribution of the rate nor-
malisation cancels to first order.

The background contamination of the recon-
structed B-decay mode will be determined based
on the reconstructed invariant-mass distribution.
The background can be studied as a function of
the decay eigentime, and for B and B separately,
taking possible CP asymmetries of the background
into account.

Difference in the tagging efficiencies between B
and B mesons can be reduced by regularly switch-
ing the magnetic-field polarity, as discussed in the
previous section.

Wrong tags dilute the magnitude of the decay-
rate asymmetry, since

Ameasured(t) = (1 - 2wtag) Atheory (t):

where wiag, the wrong-tag fraction, has to be
known for extracting CP-violation parameters.
This is best studied by measuring wa, with fully-
reconstructed charged B decays. This procedure
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assumes no correlation between the B used for tag-
ging and the other B. This must eventually be ver-
ified with detailed simulation studies.

Another source of systematic error is the
proper-time resolution. In order to correct for
the proper-time resolution, the resolution function
has to be extracted from simulation. This can be
checked by comparing the measured lifetime in one
decay channel with other decay channels, or by
comparing with other experiments.

Since there will be significantly more events avail-
able for control channels than signal events, sys-
tematic errors are neglected in the sensitivity stud-
ies of CP parameters.

Simulations show that a total of 600k J/¢K*°
and J/¥K*® decays and 600k J/K* decays can
be reconstructed in one year of data taking. From
the J/9K*® and J/¢K*° decays, the normalisation
factor rg can be obtained with a precision of 2.0 x
1073, Similarly, an error on wi,g of 1.1 x 1073
can be obtained from the J/1/K*® decays, assuming
Etag = 0.4 and wiag = 0.3.

16.4 Sensitivity to «
16.4.1

The sensitivity to « in the channel B} — ¥z~
has been estimated by performing least-squared fits
to events generated with a stand-alone simulation
program. Samples have been generated contain-
ing 6900 B — 77~ events, corresponding to the
expected yield in one year’s running, as given in
Table 15.12. The proper-time acceptance and reso-
lution have been applied, and a B/B normalisation
factor of rg = 1 assumed. The signal has been di-
luted by the introduction of wrong tags and back-
ground events. The statistical fluctuations in these
contributions increase the error by a factor

VIT B[S

1-— thag

where wy,g is the wrong-tag fraction and B/S is
the background-to-signal ratio. The values of these
parameters for the B} — 777~ analysis are sum-
marised in Table 15.12.

The background was generated, and fitted, with-
out CP asymmetry. This is unlikely to be the case
in reality, as the residual background from two-
body B decays is expected to exhibit some CP vi-
olation. However, the isolation of clean samples
of these different two-body decay modes, relying
on particle identification and the good mass reso-
lution, will enable the background asymmetries to

Determination from B} — 77~
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be measured sufficiently well, such that they will
not induce a significant systematic error in the «
measurement.

To span the full range of possible values of «,
samples were generated at six separate values, be-
tween 0° and 180°. In addition to this, two scenar-
ios for the penguin diagram were considered. In the
first, the penguin contribution to the CP asymme-
try was taken to be zero. In the second, it was as-
sumed to be present with a fraction |P/T| = 0.20.
For the latter the strong-phase difference between
penguin and tree, Ap,r, was in turn set to 0°, 30°
and 60°.

The samples were fitted to Equation 16.11. For
the “no penguin” samples only the sin Amt term
was considered. For samples including the pen-
guin contribution, o, Ap,r and |P/T| were fit-
ted, but with |P/T| constrained to its actual value
with a 10% Gaussian uncertainty, that is |[P/T| =
0.20 £ 0.02. The wrong-tag fraction and the B/B
normalisation factor can be determined from con-
trol channels, as explained in Section 16.2, and
these parameters were set to their central values.

The results of the fit to the “no penguin” cases
are given in Table 16.1. Because of the form of
the asymmetry in this scenario, there are only two
distinct results for the six considered values of a.
The error includes contributions from the uncer-
tainty in the wrong-tag fraction and the normal-
isation factor. These components are largest for
a = 30° where they contribute 0.35° and 0.38°,
respectively; they are therefore small compared to
the statistical uncertainty. The error of 0.056 on
sin 2a may be compared favourably with the error
of 0.039 quoted in [2], where a three-times higher
branching ratio was assumed.

The results of the fits to the cases with a pen-
guin contribution are given in Table 16.2. The er-
rors are given both for a and Ap,r, with the cor-
relation between the two variables in the fit. The
form of the expression for the asymmetry leads to a
complicated and significant dependence of the pre-
cision on a on the value of a and of Ap,r. Note

Table 16.1: The fitted errors on « and sin 2« in
BY — 7tr~ for different values of o with no pen-
guin contribution present. These are for one year
of data taking.

o 0° 30°
Oa 1.60° | 3.35°
Osin 2« 0.056 0.052
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Table 16.2: The fitted errors on a, Ap/7 and the correlation between the two, pq Apypsin Bg — mtr~for
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different values of a and Ap,r. These are for one year of data taking.

a 30° | 60° | 90° | 120° | 150°
o 5.3° | 2.3° | 2.2° | 65° | 3.7°

0° | oap,, | 22° | 14° | 11° | 12° | 33°

panp. | 02 | =04 | —06| -02] 05

o 6.2° | 2.4° | 25° | 9.7° | 48°

Apsp | 30° | oa,,, | 26° | 19° | 16° | 19° | 37°
Parp, || 03] 00 | 04 | 04 | 08

o 9.1° | 4.9° | 5.0° | 8.6° | 4.8°

60° | oa,,, | 35° | 29° | 25° | 28° | 37°

panp. | 07 1 05 | 09 | 07 | 08
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Figure 16.5: A fit to the CP asymmetry in B —
777~ of the angle o and the strong-phase difference
Ap/r. The sample was generated with a = 90°,
AP/T = OO‘

that when « is zero the asymmetry vanishes, and
there is no sensitivity to the penguin contribution.
An example fit to a typical data set from one year’s
operation is shown in Fig. 16.5.

To assess what fraction of the error on « is
attributable to the lack of knowledge on the pen-
guin amplitude, the fits have been repeated at a =
90°, Ap/r = 30°, with |P/T| = 0.20 £ 0.00 and
|P/T| = 0.20+0.10. When |P/T| is exactly known
the error on « decreases by a factor 0.8. When
the penguin contribution is only known to 50% the

error increases by a factor of 3. Thus a reason-
able knowledge of |P/T| is necessary for a worth-
while measurement of a to be made in the By —
atw~ channel. Theoretical understanding of pen-
guin processes can be improved, by measuring branch-
ing fractions of decays that are dominated by them,
such as B — K*7~. Many of those decay modes
can be studied by LHCb.

16.4.2 Determination from B} — pr

The angle o can also be determined by analysing
the sample of selected B§ — pr events. A B —
ata~7% Dalitz plot exhibits bands corresponding
to the three separate channels, with interference
between the Breit-Wigners of the p™, p~ and p°
occurring at the intersection of these bands. Note
that the density of events in these interference re-
gions is enhanced by the helicity amplitudes in the
p decay. With initial-state flavour tagging, a time-
dependent analysis can be made within this space,
which provides simultaneous information on the tree
and penguin amplitudes, and the strong-phase dif-
ference between the two. This enables a clean de-
termination of a to be made, as demonstrated in [3]
where an unbinned log-likelihood fit to a sample of
1000 signal events gave a precision of o, ~ 5°.

The B — atn~ 70 Dalitz plot is shown in
Fig. 16.6, for reconstructed signal events. The kine-
matic cuts necessary to suppress the combinatoric
background from inclusive bb events eliminate the
pTp~ interference region; however, the other two
corners remain well populated. It is still possible
to measure « in this reduced space, but with lower
sensitivity.

This analysis can provide both a pure measure-
ment of & and insight into the role of penguin graphs.
Over several years significant statistics will be col-
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Figure 16.6: The Dalitz plot for B — ntr—7°
decays. Only signal events are shown.

lected in the B} — pr channels. Studies are in
progress to quantify the expected precision on a.
It should also be noted that by including B* — pr
decays additional information may be obtained on
the weak phase of the penguin contributions. Fur-
thermore, the analysis of B} — pK modes is ex-
perimentally possible at LHCb and of interest in
penguin studies [4, 5].

Determination from Bg — D*rt

Flavour-tagged samples in the channel B} — D*~ 7"
can be used to form two separate asymmetries from
the decay distributions of the initial states B and
BY into D*7~ and D=7+, These asymmetries de-
pend on the quantities v+238 (= 7 —a+0), a strong-
phase difference, and |n| given by Equation 16.4.
Constraining the value of 3 from alternative mea-
surements allows the other three variables to be
fitted.

This is an attractive method of measuring «,
as it gives a result which is theoretically clean. It
has been demonstrated in Section 15.5 that LHCb
can accumulate a tagged sample of order 500k such
events through an inclusive selection of D*~ decays.
However, because the sensitivity to a is low, the
statistical error from the fit is several times larger
than in the B} — 77~ analysis. Nevertheless, the
channel remains promising and studies are contin-
uing.
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Conclusion

LHCDb is able to make complementary measure-
ments of the angle « in a variety of channels. Sim-
ulation has demonstrated the feasibility of recon-
structing the modes B} — pr and By — D* ™,
and work is ongoing to quantify the a sensitivity
of these channels. The measurement of « with the
best statistical precision comes from Bg - rtr.
Here LHCDb estimates an error of ogin2, = 0.056 in
one year of operation, for the case where there is
no penguin contamination. Because of the kaon re-
jection provided by the RICH system, the system-
atic uncertainty induced by two-body backgrounds
is negligible. Reasonable knowledge of the size of
the penguin amplitude is necessary to retain good
precision when this effect is included.

16.5 Sensitivity to 3

The performance studies of LHCb have not focussed
heavily on the measurement of 3, as it is expected
that using the “golden” channel B} — J/¢Kg other
experiments, including the general purpose LHC
detectors, will be able to perform this measure-
ment.

Equation 16.10 is used to fit the measured CP
asymmetries constructed from initial B} and B,
to extract the angle 4. From a fit similar to the
one used for the BY — 777~ study, the following
precision is obtained in the determination of 3, for
several values of this angle:

Osinzg = 0.017 (8 =0°)
Osin23 = 0.014 (ﬂ = 200)
Osin23 = 0.011 (ﬂ = 300) .

16.6 Sensitivities to Amg, and

AT

The channel B? — D_ 7t is chosen to measure
Amg because the flavour of the B? at its decay
is tagged unambiguously by the sign of the D .
Together with the initial flavour information, this
allows a separation between the events that have
oscillated and those that have not, and hence the
extraction of the oscillation frequency. The B? —
D nt channel also has the largest visible branch-
ing ratio of all B? channels under consideration,
and is therefore the most suitable to perform a di-
rect measurement of ATy, by fitting the sum of two
exponential functions to the proper-time distribu-
tion of untagged events.
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Table 16.3: Statistical uncertainty on 5, = 1/
and AT /T's obtained from fits of untagged samples
of BY —» D77t candidates, equivalent to one year

of data taking.

True AL /Ty | o(1/Ts) | o(ALs/Ts)
0.00 £0.005 ps | £0.07
0.02 +0.010 ps | +0.07
0.04 +£0.009 ps | 40.06
0.08 +0.014 ps | +0.06
0.16 +0.015ps | +0.05
0.40 +£0.017 ps | +0.02
0.80 +£0.032ps | +0.02

In order to study the sensitivity to AI's and
Amg, maximum-likelihood fits are performed on
samples of fast Monte Carlo events. The fast gen-
erator assumes the parameters given in Table 16.5.
Each sample is generated with a statistics corre-
sponding to one year of data taking, i.e. including
86,000 untagged signal events for the ATy mea-
surement, or 34,500 tagged signal events for the
Amg measurement. The background distribution
is taken as being the same as the signal distribution
for AT’y = Amg = 0. This is conservative as the
average reconstructed proper time will probably be
lower for the background than for the signal. The
fraction of background tagged as having oscillated
is assumed to be 50%. The same average proper-
time resolution and average wrong-tag probability
are used for each event.

Untagged samples of events are fitted simulta-
neously for the mean BY lifetime 75, = 1/T's and
the relative B? decay-width difference ATs/Ts. The
statistical precision obtained on these parameters
is given in Table 16.3 and indicates that direct evi-
dence for a non-zero value of AT’y /T’y can already be
obtained after one year, if AT'y/Ty is at least 20%.
After ten years of running, the statistical power
should be sufficient to distinguish AT'\/Ts = 5%
from zero.

Table 16.4 shows the results of fits for Ams us-
ing tagged events generated with a BY width dif-
ference, chosen to be the central value of a recent
theoretical prediction of ATy/Ts = 0.16734 [7]-
In these fits both I'y and AT are fixed to their
true values. Examples of proper-time distributions
of the candidates tagged as having oscillated are
shown in Fig. 16.7. The damping of the B? oscilla-
tion due to AT's/T is not significant at the chosen
value of 16%, but could be significant for large val-
ues of AT's/Iy, as demonstrated in Figure 16.8.
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curves display the result of the maximum-likelihood
fit to the total samples.
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Table 16.4: Statistical uncertainty on Amg ob-
tained from fits of tagged samples of B — D 7"
candidates, equivalent to one year of data taking.

True Amg o(Amg)
10 ps~t | +0.008 ps—!
20 ps~! | +£0.011 ps~!
30 ps~t +0.013 ps—!
40 ps—! | £0.016 ps—!
50 ps=! | +0.018 ps~"

If the correct minimum of the negative log-
likelihood function is found (which should always
be the case if the value of Amy is not too large),
then the statistical uncertainty on the measured
value of Amy is very small, typically less than 0.1%.
However, the probability to find the wrong mini-
mum increases with Amg. For very large values of
Ams a measurement is no longer possible, but indi-
vidual values of Amg can be excluded in the region
where the analysis has some sensitivity. The sta-
tistical significance S of a BY oscillation signal can
approximately be written as [6]

S 7/ Neag/2 fi, (1 — 2iopag) e~ (AMs 06)° /2.

(16.19)
where Ny, is the total number of reconstructed
and tagged candidates in the sample (signal and
background), fg. the fraction of BY signal in the
sample, wiag the wrong-tag probability, and oy the
proper-time resolution (see Table 16.5). The quan-
tity S decreases very quickly as Amg increases and
is very sensitive to oy, which is therefore a crucial
parameter.

A more reliable estimate of S can be obtained
directly from the samples of fast Monte Carlo events
using the “amplitude fit method” [6]. In this method
a new parameter, the B? amplitude .4, multiplies
the term cos(Amgt) in the proper-time distribution
functions of the B? signal. The amplitude A is
measured at fixed values of Amg, using a standard
maximum-likelihood method. Its statistical uncer-
tainty is an estimate of 1/S, which takes into ac-
count all the features of the fast Monte Carlo sam-
ple, including the proper-time dependence of the
efficiency, the distribution of the background, and
the oscillation damping due to Al's. Figure 16.9
shows the significance S = 1/04 as a function of
Amg; it indicates that one expects to be able to
make an observation of BY oscillations with a sta-
tistical significance of at least 50 (i.e. S > 5) if the
true value of Amg is less than 48 ps—!, or exclude
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Table 16.5: Parameters used in the fast Monte
Carlo generator for Amyg sensitivity studies, using
fully-reconstructed B — D77t candidates from
data taken in one year, and the resulting reach in

Amg.

Efficiency parameter | a =1.7 ps~!
Reconstructed events | N =90,500
Rec. and tagged events | Niag= 36,300
B? purity | fs. =0.95
Wrong tag probability | wiag =0.30
Proper time resolution | oy =43 fs
Mean BY lifetime | 1/Ts=1.57 ps
B? width difference | ATy =16% - T
50 measurement of Amg | up to 48 ps—!
95% CL excl. of Amg values | up to 58 ps~!
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Figure 16.9: Statistical significance of the B? os-
cillation signal as a function of Amg. The signif-
icance is obtained as 1/0.4, where o4 is the sta-
tistical uncertainty on the oscillation amplitude,
measured in a fast Monte Carlo sample generated
with Amg = oo and AT/Ts = 16%. The band
delimited by the two curves reflects the 1o statis-
tical uncertainty on the proper-time resolution of
o =43 £ 2 fs.

values of Amg at 95% CL up to 58 ps~! (where
S = 1.645). These values of Amyg correspond to
x5 = 75 and 91, respectively.
Within the Standard Model, one has [7]
ATs/Amg = (5.6 £2.6) - 103, (16.20)

with an uncertainty independent of CKM matrix
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elements and mainly due to the hadronic uncer-
tainty, which is expected to decrease in the future.
Therefore, if Amg is larger than 48 ps™', a mea-
surement, of AT'y will be possible after one year of
data taking (since in that case ATs/T's > 0.424+0.20
according to Equation 16.20) and will provide an
indirect measurement of Amg within the Standard

Model, although with a large uncertainty.

16.7 Sensitivity to v — 24~

The angle v — 20y is measured from Bg decays
into DFKT. In this study, separate maximum-
likelihood fits are used for decay asymmetries of the
DK™ and the Dy K™ final states (Equation 16.9).
Table 15.12 summarises the expected event yields
for one year of data taking. Although the decay-
amplitude ratio [A(B; = DFK™)/A(B; — D7 K™)|
is predicted to be ~ 0.39, the decay rates for the
initial By into DFK~ and into Dy KT are almost
identical due to the rapid oscillations.

Events are generated with ATy/T's= 0.16 for
various values of z; = Ams/Is and strong-phase
differences A, /7, The free parameters are || and
argn (|7] and arg®) in the fit to DK~ (D7 K™)
final states, respectively (cf Equation 16.12). Since
x5, ATy /Ty and the wrong-tag fraction w,, are well
measured using B? — Dy 7 decays, they are fixed
to the values used for the event generation.

Using Equation 16.12 both the angle v—26~ and
the strong-interaction phase difference A, /7, can
be determined. However, the sensitivity to v — 24y
depends on Ar, /1, and w5, as shown in Table 16.6
for different values of x5 and v — 2§y and A.

The effect of two contributions to the back-
ground have been studied in detail. An uncertainty
of 4% in the amount of D7 background and of 10%
in the amount of background from other B decays
has a negligible effect compared to the statistical
error on y — 2607, even after 10 years of running.
As shown in Section 15.7 the expected background
level is much lower than this. Also, an error in the
decay-time resolution of 20% does not change the
fit results significantly.

It is interesting to note that argn has a twofold
ambiguity when ATy/Ts= 0. In this case, £n is
not determined, as can be seen from Equation 16.3.
With the statistics expected in one year of running,
this ambiguity can be resolved if ATy/Ts> 4%.
Figure 16.10 shows the negative log-likelihood dis-
tribution of the fit as a function of argn, obtained
with the events expected in one year of data tak-
ing for z; = 30 and AT'/T' = 0.05. Although there
are two minima, one solution (the correct one) is
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Table 16.6: Expected error on v — 24 for one year
of data taking.

v — 20y | s = 10 | s = 20 | rs = 30
A=0°
0° +3.1° +6.1° +£7.2°
30° +5.8° +7.6° £9.0°
90° +10.9° +13.0° +14.6°
120° +9.0° +10.5° +14.2°
150° £5.9° £7.3° +14.0°
A = 30°
0° +6.3° £7.1° +10.3°
30° £8.0° +8.8° +10.4°
90° +9.3° +12.2° +£13.7°
120° +8.3° +11.1° +16.5°
150° +6.5° +8.3° +11.9°
A =60°
0° +9.5° +10.3° +12.2°
30° +9.6° £9.5° +12.5°
90° +5.9° +£7.2° +13.8°
120° +6.8° +10.4° +11.3°
150° +8.4° +11.9° +13.9°
11350 [
_. | oneyear data
=
2 b Xs=30
T Al'/T =0.05

11300

11250:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\

Figure 16.10: Negative log-likelihood distribution
of the fit as a function of argn obtained with
the events expected in one year of data taking.
Simulated data are generated with z; = 30 and
AT/T = 0.05.

clearly favoured.
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Table 16.7: Summary of reconstructed event yields
for one year of data taking.

[A=0°[A=30° [ A=60°

BY = D, K™

v =15° 22 22 20
y=30°0| 21 22 21
v = 45° 20 22 22
N=60° | 18 21 22
N=75° | 16 20 22
Eg — DlK*O

v =15° 22 20 16
y=30°0| 21 18 14
y=45° | 20 16 11
N =60°| 18 14 9
N=T75° | 16 11 8

16.8 Sensitivity to v

Extracting 7 requires the measurement of the decay
rates of the following channels:

B —» DX — KtrX

BY —» DX —» K ntX
BY - DX — (KtK-orntn)X
B, - DX — K-tX
B, » D'X - KX
By - DiX - (K*K ornta )X

with X being the final state K*0 — K+,

The expected yields for one year of data taking
for reconstructed B} — DPK*? and D°K*°, and
their charge-conjugated decays, are summarised in
Table 15.12. The branching fractions for B} —
D;K** and B — D;K*® depend on the angle v,
as well as on the strong-interaction phase differ-
ence A, and can be obtained from Equation 16.17.
Table 16.7 lists the expected yields for one year
of data taking for reconstructed B§ — D;K*° and
BY — D;K*0, for various combinations of v and
A. The total reconstruction efficiencies of the two
decay modes are assumed to be the same as that
for BY — DOK*?.

In order to determine 7 from the number of ob-
served signal events, the individual channels have
to be corrected for relative efficiency differences
only. One way that this could be achieved is to
compare the numbers of reconstructed D°K*® and
DPK*?, which should be the same within statistical
fluctuations. The number of reconstructed DYK*°
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and D°K*? must also be the same. The final statis-
tical error on +y is given in Table 16.8 for different
values of v and A. A signal-to-background ratio of
1 has been assumed.

Table 16.8: The expected error on v for different
values of v and A.

| [A=0°[A=30° [ A=60°|

v=15°] 4.0 7.9 155
v =30°| 82 7.8 14.5
v =45° | 12.0 11.5 13.0
v =60°| 15.9 14.5 11.7
v =75 | 18.8 16.6 14.6

16.9 Sensitivity to v

The expression given in Equation 16.15 is fitted to
the observed time-dependent asymmetry between
tagged B? and B? decaying into J/1¢, with vy and
the amplitude ratio r (discussed in Section 16.1) as
free parameters. In the fit, perfect knowledge of AT’
and Amyg are assumed. The event yield, wrong-tag
fractions and background-to-signal ratios are listed
in Table 15.12.

Table 16.9 summarises the uncertainties on r
and dv obtained with one year of data taking, for
various combinations of r and xs. The value of d+
is set to 0.
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