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Abstract

There is a growing international understanding that future flavour physics experiments will be required in
the second half of the next decade to either study the flavour structure of new particles discovered at the
LHC or to probe new physics at the multi-TeV scale. Here we present an expression of interest of the LHCb
collaboration for an upgrade of the LHCb detector after it will have collected a data sample of about 10 fb=!.
We envisage this upgrade to enable the LHCb experiment to operate at 10 times the design luminosity, i.e. at
about 2 x 1032 cm~2s7!, to improve the trigger efficiency for hadronic decays by a factor of two and to collect
a data sample of ~ 100 fb~!. In this document we briefly describe the motivation for an LHCb upgrade. We
then outline the R&D programme necessary to evaluate the required technologies for a high luminosity LHCb
upgrade, which must take place over the next few years.


https://core.ac.uk/display/44195327?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Contents

1

2

Introduction

Physics Case
2.1 Motivation . .. .. .. ... .. ..
2.2  Experimental Sensitivities . . . . . .

LHCDb Detector and LHC Luminosity
3.1 LHCb Detector . . . . ... ... ..
3.2 LHC Experimental Environment . .

The LHCb Trigger Upgrade
4.1 LHCb Triggers . . ... ... .. ..
4.2 LHCDb Trigger Upgrade . . . . . . ..

LHCDb Detector Upgrade

5.1 LHCDb Electronics and DAQ Upgrade

5.2 LHCDb Tracking Detectors Upgrade .
5.2.1 VELO Upgrade . . . ... ..
5.2.2 ST Upgrade . . . .. ... ..
5.2.3 OT Upgrade . ........

5.3 Particle Identification Upgrade . . .
5.3.1 RICH Upgrade . .. ... ..
5.3.2 Calorimeters Upgrade . . . .
5.3.3 Muon System Upgrade . . . .

Project Organisation
6.1 Organisation . ... .........
6.2 R&DPlan. . ... ... .......

ii



1 Introduction

LHCDb is a dedicated heavy-flavour physics experiment
designed to make precision measurements of CP vio-
lation and of rare decays of B hadrons at the Large
Hadron Collider (LHC) [1]. LHCb will start taking
data in 2008 and, during the following five years, ex-
pects to accumulate a data sample of ~ 10 fb~!. The
large cross section of 500 ub for bb-quark production
in pp collisions at 14 TeV centre-of-mass energy will
allow LHCDb to collect much larger data samples of B
mesons than previously available. Using this data set,
the LHCb experiment will be able to exploit the By
meson system to make a first observation of the rare
decay B; — ptp~ and to measure the CP violating
weak phase ¢ in Bs — J/1¢ down to the SM predic-
tion, and to improve the precision on the CKM angle
v by a factor five.

At that time, continued running of the LHCb ex-
periment much beyond 10 fb~! without an upgrade
will not be very profitable, since by running at con-
stant peak luminosity the statistical precision on mea-
surements increases very slowly.

In this document we express our interest to up-
grade the LHCb experiment such that it can oper-
ate at 10 times the design luminosity, i.e. at about
2% 1033 cm~2s7!, to improve the trigger efficiency for
hadronic decays by a factor of two and to collect an
integrated luminosity of about 100 fb~!. This will in-
crease the data samples by a factor of 10 and 20 for
leptonic and hadronic decay modes, respectively.

We propose to start an R&D programme to eval-
uate the improvements which are required to upgrade
the LHCb experiment. These include the design of
new front-end electronics to read out the detector at
40 MHz and the development of a more radiation hard
vertex detector sensor technology.

The LHCb upgrade does not require the planned
LHC luminosity upgrade (SLHC) since the LHC de-
sign luminosity is 103* em™2s~!. However it is com-
patible with and could operate at the SLHC.

This document is organised as follows: in Section 2
we present the motivation and scientific case for the
LHCDb upgrade. The LHCb detector and the LHC en-
vironment are described in Section 3. The LHCb trig-
ger and detector upgrades are described in Sections 4
and 5. The project organisation and R&D plan are
presented in Section 6.

2 Physics Case
2.1 Motivation

Many open fundamental question of particle physics
are related to flavour. Why are there three genera-
tions of quarks and leptons and what is their origin?
How are the quark and neutrino mixing angles gen-
erated and what is the relation between the flavour
couplings in the quark and lepton sector? What are
the additional sources of CP violation required to sat-
isfy the observed excess of matter over anti-matter?
Future flavour physics experiments will be required to
address these questions.

The Standard Model (SM) of particle physics is
able to describe a wealth of experimental data. How-
ever despite its success up to energies of O(100 GeV),
the SM is seen as an effective low-energy theory. Thus
new physics beyond the SM is required for reveal-
ing the fundamental laws of physics at higher ener-
gies. The gauge sector of the SM is based on under-
lying symmetries which require the existence of the
gauge bosons (y, W, Z and gluons). However, the
SM flavour sector is much less understood. There is
an unexplained hierarchy in the masses and mixing of
the quarks and leptons. In the SM, these are free pa-
rameters and there is no fundamental principle which
governs the flavour structure.

The search for evidence of new physics (NP) be-
yond the Standard Model is indeed the main goal of
particle physics over the next decade. The LHC at
CERN will commence its operation in 2008 and start
to look for the Higgs boson which is the last miss-
ing ingredient of the SM. The general purpose detec-
tors (ATLAS and CMS) are designed to probe NP by
searching for new particles which are expected in many
models at the 1 TeV scale and would be produced at
the LHC.

However probing NP at the TeV scale is not re-
stricted to direct searches at the high-energy frontier.
New particles could reveal themselves through virtual
quantum effects in higher order processes. This has
already happened several times in the past. Exam-
ples are the predictions for the existence of the charm
quark and of the mass of the top quark before their
respective discoveries. The larger the mass of these
new particles the higher the precision that is required
to reveal NP deviations from the SM.

Flavour physics is the best candidate to probe NP
through quantum effects. In the SM, flavour-changing
neutral currents (FCNC), neutral meson-antimeson mix-
ing and CP violation are suppressed as these only oc-
cur through loop diagrams. Hence these decays are
very sensitive to NP contributions which, in principle,
could contribute with magnitude O(1) to these virtual



quantum loops. The NP flavour sector could also ex-
hibit CP violation and be very different from what is
observed in the SM.

In fact, the existing experimental limits for the
flavour physics point to either a suppression of the cou-
plings for NP or an even higher NP mass scale. Any
NP model, built at the TeV scale to solve the gauge
hierarchy problem, includes newly flavoured particles
with a flavour structure and possibly CP violation.
Experimental constraints then require a suppression
of the flavour couplings and CP violating parameters
in this model. Generally, this “flavour problem” puts
very stringent restrictions on the parameter space of
the fundamental properties of a NP model. The LHC
will hopefully provide answers to some of the open
questions of particle physics and, very possibly, pro-
duce a few new puzzles.

After the first five years of LHC operations, particle
physics will reach a branch point. Either new physics
beyond the Standard Model will have been discovered
at the general purpose detectors and/or at LHCb, or
new physics will be at a higher mass scale. If new
particles are discovered in direct searches, it will be
very difficult to understand what they represent. Their
flavour structure must be studied to reveal their true
nature. In both scenarios we will then almost certainly
require a substantial increase in sensitivities to flavour
observables, either to make progress in determining
the flavour structure of the newly discovered particles
or to probe NP through loop processes at even higher
mass scales. If no NP is found in direct searches then
flavour physics can still probe mass scales beyond the
LHC energy frontier and either see its indirect effects
or set better limits on their mass scale.

2.2 Experimental Sensitivities

The LHCD upgrade experiment, with its order of mag-
nitude greater integrated luminosity of about 100 fb~!
and an improved hadron trigger, will collect data sam-
ples with an increase of a factor of 10 (20 for hadronic
modes) in statistics. This will considerably improve
upon the results from both the current B-factories and
the first phase of the LHCb experiment. Many of these
measurements are unique to the LHCDb upgrade and
complementary to the eTe™ collider proposals.

With the LHCb upgrade we could perform mea-
surements that are highly sensitive to NP effects, and
channels with precise SM predictions are potential dis-
covery channels. The effectiveness of these probes de-
pends on the sensitivity of the measurements. Thus
exploring new territory in sensitivities is crucial to the
ability to make significant progress which will allow
the LHCb upgrade to attack the flavour problem. The

Table 1: Expected sensitivity for the LHCb upgrade
with an integrated luminosity of 100 fb~!. A factor
two of improvement for the Level-0 hadron trigger and
systematic error estimates are shown as a range.

Observable Sensitivity
S(Bs — ¢) 0.01 —0.02
S(Bq — ¢K2) 0.025 — 0.035
¢s (J/9V9) 0.003
sin(206) (J/4 KQ) 0.003 — 0.010
v (B — D® K X)) < 1°

v (Bs; — D,K) 1—2°
B(Bs — ptu™) 5—10%
B(Bs— ptu) 30

AP (B = K*0ut ) 0.05 — 0.06
Arg(B — K*0utp™) so 0.07 GeV?
S(Bs — ¢7) 0.016 — 0.025
AR (B, — ¢) 0.030 — 0.050
charm 2’2 2x10°°
mixing 3’ 2.8 x 1074
CP Yyop 1.5 x 107%

results which will be measured at the LHC will hope-
fully provide guidance on where to focus the effort.

In Table 1 we present estimates for sensitivities in
a few selected channels in a 100 fb~! data sample.
These are based on the following assumptions, which
have yet to be demonstrated: maintaining trigger and
reconstruction efficiencies at high luminosity running
and, making use of a first level detached vertex trig-
ger to double the trigger efficiency for hadronic modes.
Systematic errors are only treated in a very simple way.
Hence the quoted sensitivities have very large uncer-
tainties and should be treated with caution. However,
these estimates are useful to motivate simulation stud-
ies for validating these assumptions. In addition, as
soon as LHCDb will start taking data, the simulations
for low luminosity running can be verified with data.
Results from initial sensitivity studies have been pre-
sented in [2-5].

We now present additional details on the NP reach
of entries in Table 1. New physics can be probed for
by studying FCNC in hadronic b — s transitions. One
approach is to compare the time-dependent CP asym-
metry in a hadronic penguin loop decay with a decay
based on a tree diagram when both decays have the
same weak phase. In hadronic FCNC transitions un-
known massive particles could make a sizable contri-
bution to the b — s penguin loop whereas tree decays
are generally insensitive to NP. The B-factories mea-
sure the CP asymmetry sin 23°% in the penguin decay
BY — ¢KY. A value for sin 23 which is different



from sin 23 measured in B® — J/¥KY would signal
physics beyond the SM. Within the current available
precision, all sin 26°% measurements are in reasonable
agreement with the SM, but most central values are
lower than expected. For example, we find for the de-
cay B® — ¢KY that AS(¢pKS) = sin23°f —sin23 =
0.29 +0.17 [6].

This approach can also be applied to Bs; mesons
which will be exploited by LHCb. Within the SM the
weak mixing phase ¢ is expected to be almost the
same when comparing the time-dependent CP asym-
metry of the hadronic penguin decay Bs; — ¢¢ with
the tree decay Bs — J/1¢. Due to a cancellation of
the B; mixing and decay phase, the SM prediction for
the sine-term, S(¢¢), in the time-dependent asymme-
try of By — ¢¢ is very close to zero [7]. Thus any
measurement of S(¢p¢) # 0 would be a clear signal for
new physics and definitively rule out Minimal Flavour
Violation [8]. LHCb expects to collect 15.5k Bs — ¢¢
events in 10 fb~! of data with a background to signal
ratio B/S < 0.8 at 90% C.L [9]. The S(¢¢) sensitivity
has been studied using a toy Monte Carlo, taking reso-
lutions and acceptance from the full simulation. After
about 5 years LHCb expects to measure S(¢¢) with
a precision of o(S(¢¢)) = 0.05 [9]. This precision is
expected to be statistically limited, systematic errors
are likely much lower.

The LHCb upgrade will substantially improve the
measurement of S(¢¢), since this is a hadronic decay
mode which will benefit most from the first level de-
tached vertex trigger. Scaling the sensitivity up to a
data sample of 100 fb~!, we estimate a precision of
a(S(¢p)) ~ 0.01 to 0.02rad. This sensitivity presents
an exciting NP probe at the percent level which will
arguably be (one of) the most precise time-dependent
CP study in b — s transitions. In a similar study, the
LHCb upgrade will be able to improve the sin23°f
sensitivity for By — ¢K 2 to ~ 0.025 to 0.035 [10].

Using the tree decay By — J/1¢¢ LHCDb will also
probe NP in the CP violation of By mixing. With a
10 fb~! data sample the weak phase ¢, will be de-
termined with a precision of 0.01 [11]. This corre-
sponds to ~ 3.5¢ significance for the SM expectation
of ¢ for which the theoretical uncertainty is very small
(O(0.1%)). This precision is expected to be still sta-
tistically limited. A significantly larger data-set would
allow LHCD to search for NP in B meson mixing at
an unprecedented level. An upgrade of LHCD has the
potential to measure the SM value of ¢s with ~ 100
significance (o(¢s) ~ 0.003) in B; — J/¢¢ decays. To
control systematic errors at this level will be very chal-
lenging.

In the SM, the angle v can be determined very
precisely with tree decays which are theoretically very

clean. When combining all v measurements in B —
DK and By — DT K¥ (including systematics) 10 fb~1
of data will constrain the value of v to about 2.5°.
However, it will not be possible to push below the de-
sired 1° precision. Therefore, a very precise determi-
nation of 7y in tree decays is an important objective of
the LHCD upgrade physics programme. The expected
yields in 100 fb~! of data are very large: examples
are 620k By — DTK®*, 500k B — D(K%ntn)K
and 5600k B — D(K7)K events, respectively. All
these v modes will benefit greatly from an improved
first-level trigger strategy that does not rely solely on
high transverse momentum hadrons. Simple statisti-
cal extrapolations show that several individual modes
will give a potential statistical uncertainty close to 1°.
Systematic uncertainties will clearly be very impor-
tant. However, these uncertainties are largely uncor-
related amongst the modes and, in many cases, can
be measured in control samples. Therefore, a global
determination to below 1° of the tree level unitarity
triangle should be achievable [13]. This will act as a
standard candle to be compared to all loop determi-
nations of the unitarity triangle parameters. Together
with anticipated improvements in theory, this will al-
low to test the consistency of SM in the CKM matrix
at the percent level.

The very rare decay Bs — pt ™ is key to many ex-
tensions beyond the SM. With a 100 fb~! data sample
the LHCDb upgrade would be able to make a precision
measurement of the branching ratio B(Bs — utu™) to
about ~ 5% at the SM level. This will allow the LHCDb
upgrade to either measure precisely the flavour prop-
erties of new SUSY particles discovered at the LHC
or to put very stringent constraints on SUSY models
in the large tan 8 regime which predict an enhanced
decay rate for this mode [14].

The LHCD upgrade should also aim to observe the
even rarer decay By — ptp~ which has a SM branch-
ing ratio of (1.06 & 0.04) x 1071°. The ratio B(By —
utu=)/B(Bs — ptp™) is sensitive to new physics be-
yond the SM and will allow to distinguish between
different models. This search will be extremely chal-
lenging as it requires an excellent understanding of the
detector to reduce the muon fake rate due to back-
grounds from hadronic two body modes to an accept-
able level.

LHCb will exploit the semi-leptonic decay B —
K*Ou*u~ which is sensitive to new physics in the
small tan 3 range. LHCb expects to collect 7200 B —
K*9u*p~ per 2 fb~1 [15]. In addition to the forward-
backward asymmetry, Appg, these large data samples
will allow LHCb to measure the differential decay rates
in the di-muon mass squared, ¢?, and the angular dis-
tributions, and probe NP through the transversity am-



plitude Ag? ) and the K*° longitudinal polarisation [16].

In the theoretically favoured region, 1 < ¢% < 6 GeV?/c?,

the resolution in Ag?) is estimated at 0.16 with 10 fb—!
of integrated luminosity [17]. While this data sam-
ple might provide a hint of NP, a ten-fold increase in
statistics will allow to probe new physics at the few
percent level and cover a large region of the MSSM
parameter space. With a 100 fb~! data sample the

LHCb upgrade expects to collect 360k B — K*Outpu~
)

events. The corresponding precision for Ag,? is esti-
mated to be 0.05 to 0.06.

There are several other channels which have a large
potential for probing NP with a 100 fb~! data sam-
ple. An excellent example is B; — ¢y which is sensi-
tive to the photon polarisation and right-handed cur-
rents [18]. LHCb expects a yield of 11500 By — ¢y
events in 2 fb~! of data with a background to signal ra-
tio < 0.91 at 90% C.L. [19]. This decay is sensitive to
NP arising in right-handed currents through the usual
sine term S(¢7) and a hyperbolic-sine term A2 (¢)
which is due to the lifetime difference of the B; mesons.
With 10 fb~! data the expected LHCb sensitivities
are o(S(¢y)) = 0.05 and o(A2T:(¢y)) = 0.10, re-
spectively [20]. The LHCb upgrade will be able to
improve these sensitivities to o(S(¢vy)) = 0.016 and
a(AAT: (¢y)) = 0.030, and probe NP in right handed
currents down to the intrinsic theoretical errors of the
SM predictions.

With LHCb there are also possibilities for discov-
eries in measurements not involving B mesons. Com-
pared to the results anticipated by the first phase of
LHCb, the 20-fold increase of the charm sample would
allow the LHCb upgrade to enhance substantially the
search for NP sources in D° mixing and in CP vio-
lation of charm decays. SM predictions are typically
negligible for these processes. The expected statisti-
cal sensitivity on the parameters /2, 3’ and ycp are
2x 1075, 2.8 x 107% and 1.5 x 1074, respectively [21].

An LHCb upgrade could also probe new physics in
lepton flavour violation. The best prospectives are in
the decay mode 7 — puTp~put.

The Standard Model (SM) as well as SUSY or Ex-
tra Dimension models can be augmented by additional
gauge sectors [22-24]. This is a very general conse-
quence of string theories [25-27]. These gauge sec-
tors can only be excited by high energy collisions. An
example is the “hidden valley” sector. The manifesta-
tions of many of these models could be new v-flavoured
particles with a long lifetime [22]. These can decay to
a pair of b and b quarks that produce jets in the detec-
tor. An example is the Higgs decay process H — 7m0
followed by 70 — bb. LHCb is designed to detect b-
flavoured hadrons and thus in a good position to de-
tect decays of long-lived new particles. The LHCb

vertex detector (VELO) is ~1 m long making it possi-
ble to measure these decays. The LHCb upgrade will
increase the sensitivity to much lower production cross
section for these processes.

3 LHCDb Detector and LHC Lu-
minosity

3.1 LHCDb Detector

The signal event yield S of the LHCb experiment is
given by

S = Ling X 0 X 2 X fg X BRyis X €tot » (1)

where Li,; is the integrated luminosity and o5 =
500 ub is the bb production cross section. The prob-
ability for a b-quark to hadronize into a hadron is as-
sumed to be fg = 39.1% for B® or BT [28], 10.0% for
Bs [28], and 8 x 10~ for B [29]. The factor 2 takes
into account the production of both b- and b-hadrons.
BRyis is the product of all branching ratios involved in
the b-hadron decay of interest. The total signal effi-
ciency €04 is the fraction of events containing a signal
B decay that are triggered, reconstructed, and selected
with offline cuts for physics analysis. It is illustrative
to break eyo¢ down into the following contributions to
the efficiency:

Etot = Edet X Erec/det X Esel/rec X Etrg/sel »

where e4e¢ is the detection efficiency?, €. /det 18 the re-
construction efficiency on detected events (track find-
ing efficiency and neutral cluster reconstruction), €gel /rec
is the efficiency of the offline selection cuts on the re-
constructed events (designed to discriminate against
background), and egq/5e1 is the trigger efficiency on
offline-selected events. The flavour tagging efficiency
is not included in €ot. The values of all these efficien-
cies for two illustrative channels are given in Table 2.
The single largest inefficiency contribution is €get,
which in turn is dominated by the geometrical accep-
tance in 4w. Figure 1 shows that the additional ex-
pense associated to even a modest increase in the aper-
ture of the experiment, which is now ¥,.x = 300x250
mrad in the horizontal and vertical plane, respectively,
and a 10 mrad beam pipe, would not lead to a signifi-
cant improvement of the physics yield. The losses due
to the material budget are also included in eg4et, and all
effort should be made to reduce the material budget.

In practise egey contains everything which is not ac-
counted for by the other factors, like the geometrical accep-
tance and all material effects in the detector, and is computed

as EtOt/(Erec/det X Esel/rec X Etrg/sel)'



Table 2: Summary of the signal efficiencies in % ex-
pected for LHCb. The meaning of the breakdown of
the total efficiency e¢oy is explained in the text.

Decay channel Edet | Erce | Esel | Etrg Etot
By — ¢¢ 6.7 | 79.7 | 37.9 | 23.2 | 0.470
BY - KOyt~ | 7.2 | 824 | 16.1 | 73.5 | 0.704
g u—tag I OSK-tag | SSK-tag
204 [

o

S
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Figure 1: Geometrical acceptance for By — ¢¢, ¢ —
KtTK~, as a function of the maximum polar angle 9
of one of the decay products. a) all By — ¢¢, b) and
Yk > 10 mrad, c) and ¥ag > 10 mrad, d) and Uiag
within same Jpmax, €) and p, > 10 GeV or px > 2
GeV.

It is not expected that the reconstruction efficiency
can be significantly improved, and it would not result
in any large gains in signal efficiency. The selection ef-
ficiency depends on the type and relative magnitude of
background per channel, and the discriminating power
of signatures like particle identification and narrow res-
onances. The selections have been optimised to reject
inclusive bb background, and no large improvements
are envisaged. Hence, this leaves two avenues to be fol-
lowed to increase the total event yield: increasing Lint
and improving the trigger efficiency for fully hadronic
decay channels.

Before going into details about what is limiting the
LHCb detector to already profit now from larger lu-
minosities, what follows in the next section is a brief
description of the experimental environment at the
LHCb interaction point as a function of luminosity.
After that the upgrade path of the trigger for both

increasing its efficiency and being able to cope with
larger luminosities will be described. Then we will de-
scribe the consequences for all sub-systems in LHCb,
and discuss their possible upgrades.

3.2 LHC Experimental Environment

The LHC machine has been designed to deliver a lu-
minosity up to 103* em=2s~! at a General Purpose
Detector (GPD). The optics around the LHCb inter-
action point (P8) allows LHCb to run at a luminosity
up to 50% of the luminosity available at a GPD. Hence,
the nominal LHC machine could deliver luminosities
up to 5 x 1033 ecm™2s7! at PS8, i.e. a factor 20-50
larger luminosity than what LHCb has been designed
for2.

The bunch crossing rate at P8 is given by the LHC
machine to be 40.08 MHz, while 2622 out of the the-
oretically possible 3564 crossings [34] have protons in
both bunches. Hence, the maximum rate of crossings
with at least one pp interaction is ~ 30 MHz. The
expected inelastic pp cross-section is 79 mb, of which
63 mb has at least two charged particles which can be
reconstructed, the so-called visible cross-section. Fig-
ure 2 shows the number of crossings with at least one
visible interaction and the mean number of visible in-
teraction per crossing in crossings with at least one vis-
ible interaction as a function of luminosity. Note that
increasing the luminosity from 2 to 10 x 1032 cm=2s~!
will only increase the mean number of interactions per
crossing by a factor two, since the number of crossings
with at least one interaction increases from 10 to 26
MHz. While the increase in occupancy for detectors
which are only sensitive to pileup? is small, spill-over?
increases linearly with luminosity as is indicated in
the bottom plot of Figure 2. Note that the increase
in occupancy in signal events for detectors which are
sensitive to a single crossing only, is even less than in-
dicated in the bottom plot of Figure 2, since signal

2While the nominal LHC is sufficient for the LHCb upgrade,
there is a proposal to increase the nominal luminosity of the
machine to 8 x 103* cm~2s~1, the SLHC, around the middle
of the next decade [35]. The SLHC bunch separation will re-
main 25 ns, but there are two scenarios to fill the bunches. The
scheme preferred by LHCb will use large currents in the even
bunches and a factor twenty lower current in the odd bunches.
A suitable choice of the bunch structure should result in collid-
ing odd with even bunches in P8, and odd xodd and evenXxeven
collisions at a GPD. This will allow LHCb to choose its lumi-
nosity using a combination of its 3* and the current in the odd
bunches. A GPD will ignore the oddxodd interactions, since it
will contribute a luminosity at least a factor 400 smaller than
what is obtained in the evenXeven collisions.

3Pileup refers to additional pp interactions in a bunch cross-
ing.

4Spill-over refers to hits in detectors which are caused by
pp-interactions in preceding and/or following bunch crossings.
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Figure 2: Top plot shows the number of crossings with
visible pp-interactions as a function of luminosity. The
bottom plot shows the average number of visible pp-
interactions per crossing, for events with at least one
pp-interaction.

events contain ~ 50% more tracks than visible inter-
action events.

4 The LHCDb Trigger Upgrade

The description of the upgrade path of the trigger is
preceded by a brief introduction of the present trigger
architecture and its limitation to profit from higher
luminosities.

4.1 LHCDb Triggers

The LHCD trigger has two levels, called Level-0 (1.0)
and High Level Trigger (HLT) [30]. LO is a trigger
implemented in hardware, and its purpose is to re-
duce the rate of crossings with interactions to below a
rate of 1.1 MHz, at which all LHCb data can be read
out by the front-end (FE) electronics. L0 reconstructs
the highest Er hadron, electron and photon, and the
two highest pr muons. It triggers on events with a
threshold of typically Ehadron > 35 GeV, E3” > 2.5
GeV, and pf > 1 GeV at 2 x 102 cm™?s~!. Even

~

for a Ehadron > 35 GeV the hadron trigger (LO-h)
rate at 2 x 1032 cm 257! would exceed 1 MHz, hence
L0 imposes additional cuts on the number of interac-
tions per event and the track multiplicity to reduce the
LO-h rate to 700 kHz. The LO-h efficiency for off-line
selected Bs — ¢¢ is 30%, while the total L0 efficiency
for this channel is ~ 40%. The LO efficiency for B
decays with two muons in the final state is expected
to be ~ 90% for a LO-rate of 160 kHz. The LO e/y
trigger reaches efficiencies of ~ 70% for B decays with
electrons and radiative B decays. The remainder of
this section will concentrate on the two triggers with
the largest and smallest efficiencies, hence L0-p and
LO-h respectively.

Figure 3 shows the yield of LO-triggered events,
normalised to their yield at 2x 1032 cm~2s7! as a func-
tion of the luminosity for a leptonic and a hadronic B
decay channel. The increase in the rate of crossings
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Figure 3: The LO-trigger yield as a function of lumi-
nosity for two decay channels: puK* (open points) and
o¢ (closed points). The total LO-trigger yield, and the
contributions from the L0-hadron and muon triggers
are shown separately.

with at least one pp-interaction requires an increase in
the ERadron threshold, resulting in an almost constant
yield for the hadron trigger. On the contrary, for LO-u
the loss in efficiency is minor, showing an almost linear
dependence of signal yield on luminosity. Note that at
5 x 1032 cm~2s~! about half the yield in B, — ¢¢ is
due to the muon trigger on the leptonic decay of the
tagging B.

After L0, all detectors are read out, and full event
building is performed on the CPU nodes of the Event



Filter Farm (EFF). The HLT consists of a C++ ap-
plication which is running on every CPU of the EFF,
which contains between 1000 and 2000 multi-core com-
puting nodes. Each HLT application has access to all
data in one event, and thus in principle could be ex-
ecuting the off-line selection algorithms, which would
render it g4 /51=100% by definition. But given the
1.1 MHz maximum output rate of L0 and the limited
CPU power available, the HLT must reject the bulk
of the events by using only part of the available infor-
mation. The HLT starts with so-called alleys, where
each alley addresses one of the trigger types of the LO-
trigger, enriching the B-decay content of the events
by refining the L0 objects, and adding impact param-
eter information. The hadron-alley has to deal with
1.3 LO-hadron clusters per event with Ehadron > 3.5
GeV. The alleys search for tracks in roads seeded by
the LO objects. Applying a 100 ym impact parame-
ter cut on these tracks reduces the rate of LO-h events
by two orders of magnitude. If an event is selected
by at least one alley, it is processed by the inclusive
triggers, where specific resonances are reconstructed
and selected, and the exclusive triggers, which aim to
fully reconstruct B-hadron final states. Events will be
written to storage with a rate of ~ 2 kHz.

In conclusion, an upgrade of the trigger should
not only be able to cope with larger luminosities, but
should be designed to at least gain a factor two to three
in efficiency for hadronic B decays like By — ¢¢.

4.2 LHCDb Trigger Upgrade

For pp collisions at 14 TeV oy is assumed to be 500
pb. Hence, with a luminosity of 2 x 1033 ecm=2s7!
there will be 10® bb-pairs produced in the LHCb inter-
action point per second, of which 43% will have at least
one B-hadron with a polar angle below 400 mrad, i.e.
pointing in the direction of the spectrometer. Hence,
an efficient and selective trigger needs to not only re-
ject non-B background, but also needs to distinguish
between wanted and unwanted B decays.

In the following discussion on the upgrade of the
trigger, only the hadron trigger will be used as an ex-
ample. The muon and e/~ triggers will also profit from
the upgrade to be able to run at higher luminosities
in much the same way. Pilot studies on improving the
trigger show [31] that the only way to be able to pro-
vide adequate selectivity of the trigger, and maintain
large efficiency for hadronic B decays is to be able to
measure both the momentum and impact parameter
of B decay products, i.e. the algorithm which is per-
formed in the hadron alley described above.

The present front-end electronics (FEE) architec-
ture imposes that the detectors which do not partic-

ipate in the LO-trigger can only be read out with a
maximum event rate of 1.1 MHz, and that the LO-
latency available for making the LO decision, which is
now 1.5 us [34], can be stretched to a few us at most.
The algorithms required to efficiently select B decays
require latencies far longer than what is possible with
the present architecture.

Hence, the LHCDb upgrade has opted for a FEE
architecture which requires all sub-detectors to read-
out their data at the full 40 MHz rate of the LHC
machine. The data should be transmitted to a large
EFF, where the trigger algorithm would be executed,
just like the present HLT.

Figure 4 shows the rate of events with at least one
cluster above a threshold in the hadronic calorimeter
(HCAL) and the average number of HCAL-clusters
above this threshold as a function of luminosity. The
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Figure 4: The rate of crossings with at least one HCAL
cluster above the indicated threshold, and the number
of clusters above this threshold, as a function of lumi-
nosity.

efficiency for an off-line reconstructed and selected By, —
¢¢ event in a crossing with only a single pp-interaction
is 96%, 85%, 72% and 46% for Ehadron > 1.5 2 2.5
and 3 GeV respectively. The number of high Ehadron
seeds per crossing does not rise drastically as a func-
tion of the luminosity, for example rising from 2 to 3.6
with Ehadron > 9 GeV for a factor ten increase in lu-
minosity. But the equivalent rate at which the EFF
has to be able to receive and process the events rises
from 4 to 25 MHz.

The development of algorithms able to cope with
the larger luminosities will require the following steps:



e Study the present hadron alley algorithms as a
function of higher luminosities and lower HCAL
thresholds with the present layout of LHCD.

e Investigate whether a modified layout of the ex-
periment could further improve the trigger per-
formance. As an example, study a detached ver-
tex trigger as is described in [33].

e Study how best to achieve the required reduction
of two orders of magnitude using both simulation
and the first real data where applicable.

5 LHCDb Detector Upgrade

Here we discuss the R&D plans for upgrading the LHCb
detector systems, including electronics and data acqui-
sition (DAQ).

5.1 LHCDb Electronics and DAQ Up-
grade

As is argued in the previous section: the entire front-
end electronics and the DAQ system must be replaced
and all event selection is done in software in a large
CPU farm. The following requirements for the new
front-end electronics (FEE) have been established:

e A readout into the DAQ system at full interac-
tion rate must be possible. This requires every-
thing to be read out at 40 MHz, albeit ~ 10 MHz
of the bunches are actually empty.

e A “rate-control trigger” should cope with:

— A staged DAQ system, which can not yet
handle the full rate.

— Unexpectedly high occupancies, which pre-
vent the full readout.

— Insufficient CPU power in the event-filter
farm.

This “rate-control trigger” should not just pre-
scale, but enrich the selected sample in good
events. It corresponds closely to our current L0,
however it can select rates up to 30 MHz.

The simplest solution to fulfil the above requirements
is a fully synchronous readout at 40 MHz from the de-
tector front-ends into the DAQ interface in the count-
ing room. This solution corresponds to the highest
data rate, and hence every effort will have to be made
to keep the data-size small, e.g. by using binary track-
ing. Local zero-suppression for pixel detectors has to
be accommodated to reduce their data size, but as
a consequence, these detectors cannot be part of the

“rate-control trigger” mentioned above because it can-
not be guaranteed that their data is available together
with the other data for such a trigger due to its vari-
ation in data-length and consequently arrival time.

The “rate-control trigger” can then be fully imple-
mented in the counting room, much like the current
L0 muon trigger. An overview of the proposed archi-
tecture is shown in Figure 5. This solution has the
following advantages:

e The front-end becomes simple.

e All information is available in the counting room:;
the “rate-control trigger” can operate there. No
trigger decisions need to be brought back to the
front-end.

e Having all information of every crossing available
in the counting room will allow digital spill-over
suppression for a detector if necessary.

For the front-end links we assume the availabil-
ity of the Gigabit Bidirectional Trigger and Data link
(GBT). As an example for the number of links con-
sider a binary tracker with 10% channels, 100 kB of
other data and 20 kB of overhead. At 40 MHz and
2.56 Gbit /s links this would require 30,000 links, hence
the tracking systems must be binary or digital and
higher link speeds can only be beneficial, also in view
of the limited underground space for electronics. The
DAQ will require an estimated bandwidth of 5 x 10*
Gbits/s (assuming 100 kB@30 MHz and 50% average
link load). A DAQ system with roughly 5000 10 Giga-
bit links will be needed. Currently there are two po-
tential and commercial technologies, 10 Gigabit Eth-
ernet (possibly 100 Gbit Ethernet) and 40 Gigabit In-
finiBand. If the push-architecture is kept, the load
balancing and destination assignment functionality of
the Timing and Fast Control (TFC) system will be re-
quired. R&D will focus on these two technologies in
close collaboration with the development of a “New
Readout Board”.

Proposed R&D topics are:

e All sub-detectors need to replace or adapt their
FEE to the new 40 MHz read-out scheme, and
drive their data over the GBT link to the “New
Readout Board”. The consequences for each sub-
detector will be discussed in the sub-detector sec-
tions below.

e GBT chip: participate in development and push
for the highest possible link speed.

o “New Readout Board” with at least 40 Gbit/s
output bandwidth and the possibility to process
400 Gbit/s of input data.
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Figure 5: Schematic view of the proposed front-end electronics architecture.

New TFC system based on GBT and “New Read-
out Board”.

10 Gigabit DAQ based 10 Gigabit Ethernet or
InfiniBand.

“Rate-control trigger” between 30 MHz and few
MHz based on GBT and “New Readout Board”.

5.2 LHCD Tracking Detectors Upgrade

The performance of the current tracking system has
been studied up to a luminosity 2 x 1033 cm=2s7!
using the LHCb reconstruction software and the fol-

lowing data samples:

o A sample of 14000 By — J/1(uu) K9 events gen-
erated at the default LHCDb luminosity of 2 x

1032 ecm—2s~ 1.

e Samples of 500 inclusive b events generated at
luminosities of 5, 8, 10, 20 x103? cm™2s7!.

The large sample of events at the nominal LHCb
luminosity can be expressed in terms of the number
of visible interactions and used to estimate the perfor-
mance as a function of luminosity neglecting the effect
of the increased spill-over from neighbouring crossings.
This allows a comparison with a detector where the
front-end electronics is only sensitive for one bunch
crossing. The latter are referred to as the limited
spill-over efficiency and ghost-rate. Figure 6 shows the

performance versus luminosity for the VELO tracking
and long tracking®. For each algorithm four sets of
points are shown: the event weighted efficiency, the
event weighted ghost rate, the limited spill-over effi-
ciency and the limited spill-over ghost rate. In both
cases the performance slowly degrades as the lumi-
nosity increases. The most robust algorithm is the
VELO tracking, for which the efficiency decreases only
by 3.5% for a 10-fold increase in luminosity, albeit at
the cost of a significant increase in ghost rate. The
fact that the VELO tracking remains robust even at
very high luminosities reflects the high segmentation
of this detector, and the limited sensitivity to spill-
over, but a reduction in spill-over sensitivity will re-
duce the ghost rate significantly. Above a luminosity
of 5 x 1032 em~2s~! the difference between the long
tracking performance with full spill-over and limited
spill-over is clearly visible. The per track loss in track-
ing efficiency from (2 — 10) x 1032 ecm~2s7! is ~ 5%,
which is a small price to be paid, even for a 4-prong
decay, compared to the factor 5 increase in luminosity.
However, an additional increase of a factor two in lu-
minosity would result in a loss of 34% of the 4-prong
decays, hence would almost eliminate the additional
factor two increase. It can also been seen that there is
a sizable gain in performance at higher luminosities if
the detector is only sensitive to one bunch-crossing.

5Long tracks traverse the full tracking setup from VELO to
the T- stations. They are the most important set of tracks for
B decay reconstruction.
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Figure 6: VELO (top) and long (bottom) tracking per-
formance versus luminosity.

No attempt was made to tune the reconstruction
performance for the increased luminosity, nor how to
change the tracking detector set-up to adapt to the
higher occupancies. The efficiency for finding the bb
production vertex as a function of the number of vis-
ible collisions per crossing can be parametrised with
0.987r—Visible Folding this together with the track re-
construction results given above gives a guide for what
seems to be a reasonable luminosity to aim for as is
shown in Figure 7. If the tracking performance would
follow the results obtained with limited spill-over, the
luminosity to aim for is ~ 3 x 10?3 cm™2s~!, while
larger luminosities would hardly improve the yield in
multi-prong decays.

Hence R&D efforts will study:

e How to exploit the possibilities of spill-over recog-
nition/rejection offered by the upgraded FEE,
which will have all information of every crossing
available in the counting room.

What modifications in the tracking detectors will
allow us to maintain the high reconstruction ef-
ficiency at low ghost rate for the highest lumi-
nosities. Initially the following options will be
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Figure 7: The expected yield of reconstructed B de-
cays as a function of luminosity. The B-yield is nor-
malised to the yield at 2 x 1032 cm =257 1.

investigated:

— VELO with pixel detectors.
— Adding extra planes to TT.

— Enlarging the IT surface to reduce the OT
occupancy.

— Redesign of the Tracker stations, integrated
with a new RICH, including fibre-trackers
and/or a Transition-Radiation Tracker (TRT).

5.2.1 VELO Upgrade

The VELO silicon sensors are located only 7 mm from
the LHC beams. For 2 fb~! of integrated luminosity
the inner active strips are expected to receive a dose of
up to 1.3x 10 1 MeV neutron equivalents/cm?. Since
the upgrade aims at collecting at least 100 fb~!, the
main issue for the VELO is radiation hardness. The
initial LHCb VELO is expected to operate without
any substantial loss of efficiency and spatial resolution
up to 6 fb~! data, assuming that no major beam loss
event occurs. A replacement of the silicon modules is
foreseen that will allow completion of the initial phase
of LHCD data taking.

The upgrade will require significant changes to the
VELO. Initial prototype sensors of both short strips
(strixels) and pixels, with simple geometry, to allow
comparative technology studies, have been designed
and are being fabricated (in conjunction with RD50).
The VELO group is planning a series of test beam



studies that will validate the geometry and technology
choices. Potential improvements to the RF-foil will be
considered and their impact on the material budget of
the detector evaluated.

Depending on the choice for a strixel or pixel de-
tector a new FEE-ASIC needs to be designed. Like for
the present VELO a strixel chip will be shared with the
Si-strip ST detector, while depending on the choice of
the photon detector of the RICH the pixel ASIC could
be shared with a new HPD.

The following R&D topics are proposed:

e Study the implementation of the 40 MHz read-
out for the VELO, e.g. zero suppression for a
pixel design,

e optimising the sensor geometry for the strixel
and pixel options.

e cvaluate the radiation hardness of the technolo-
gies under consideration.

5.2.2 ST Upgrade

As mentioned above the FE-electronics needs to be
replaced.

The radiation length of the IT is completely dom-
inated by the electronics and cabling. The challenge
of a system re-design is to reduce the radiation length
of the electronics, while increasing to 40 MHz syn-
chronous readout and avoiding any significant cabling.

With an expected total 1-MeV neutron equivalent
fluence at the innermost regions of IT of below 10** cm™
no significant radiation problems are expected.

5.2.3 OT Upgrade

As is shown in Section 5.2 the main degradation in
tracking performance of the present long tracking is
due to the large increase in spill-over hits. These stud-
ies have been performed using a 75 ns wide OT time
window to accommodate the drift time, signal delay
along the wire and ¢ offset variation over the cham-
bers. The OT has 5 mm diameter straws, which cor-
responds to a maximum drift time of 33 ns with the
chosen gas composition, which could be shortened at
the expense of a deteriorated resolution. The choice of
tracking technology to cover the large OT area relies
heavily on the tracking studies which need to exploit
the effectively rather short OT drift time, and define
a new optimum of drift time versus resolution.

Assuming that based on these studies the OT tech-
nology can still be used in most of the area to be cov-
ered, the front-end electronics would require a com-
plete redesign, possibly with the exception of the AS-
DBLR and of the TDC core of the OTIS chip.

2

11

5.3 Particle Identification Upgrade
5.3.1 RICH Upgrade

As mentioned above, increasing the luminosity by a
factor of 10, from 2 x 1032 to 2 x 1033 ecm—2 s~ ! results
in only a factor 2.3 increase in the detector occupancy
for signal events. The particle identification algorithm
in the RICH is particularly sensitive to the correct
treatment of background hits for which no tracks have
been reconstructed. Using a now obsolete version of
the code, an upper limit of the degradation of the kaon
identification efficiency can be set at ~ 10%. Repeat-
ing this study with the present more robust software,
and tuning the parameters to accommodate the larger
background will reduce this loss significantly.

To adapt to the 40 MHz read-out, the photon de-
tector, which is now a HPD, has to be redesigned.
Given the present performance of the HPD, with only
about ten noise hits measure in over two million in-
stalled pixels, keeping the same detector technology
seems attractive, but alternative solutions will also be
considered.

For the mechanical structures and optics two op-
tions are discussed:

e Leave mechanical structures as they are and only
redesign the photon detector. This is the sim-
plest solution which will only require minor rear-
rangements in the photon detector housing struc-
ture. However, the occupancy in RICH 1 has to
be studied.

Take this opportunity to reduce the amount of
material before the magnet significantly. Re-
move RICH1, and design a new particle identifi-
cation system, covering the full solid angle of the
spectrometer, which should then replace RICH2,
and possibly be combined with the Tracker sta-
tions. Here one also considers a possible inclu-
sion of a Time-of-flight (TOF) detector and/or a
Transition Radiation Tracker (TRT) in this up-
graded RICH /tracking system.

5.3.2 Calorimeters Upgrade

The radiative penguin decay Bs — ¢y is one of the
benchmark processes for the feasibility study of the
electromagnetic calorimeter (ECAL) performance at
2 x 103 cm~2s~!. Preliminary studies show omnly
a minor degradation of the signal selection efficiency
with the current ECAL [32]. The study of background
suppression is ongoing. It is not excluded that more
efficient background suppression would necessitate an
upgrade of the ECAL inner section in order to improve
its granularity and energy resolution.



Another critical issue of running the ECAL at one
order of magnitude higher luminosity is the radiation
hardness of the ECAL modules and electronics. Front-
End boards on top of the ECAL platform can probably
sustain a radiation dose equivalent to 100 fb—!. For
the energy resolution we assume a radiation degrada-
tion as measured at LIL neglecting a quite probable
increase in annealing due to a lower dose delivery rate
expected during LHCb running. The actual perfor-
mance of the ECAL modules under irradiation will be
closely monitored using a dedicated ECAL monitoring
system. The effects induced by irradiation of 2.2 Mrad
leads to an increase of the constant term from 0.8% up
to 1.5%. Assuming a degradation in ECAL resolution
above this level to be unacceptable about half of the
inner ECAL section (84 modules) has to be replaced
after 3 years of operation at 2 x 1033 cm=2s71.

The present hadron calorimeter (HCAL) will be
maintained if the upgrade adopts a hadron trigger
scheme as discussed in section 4. Detailed irradiation
studies of HCAL have shown that after two years of
running at a luminosity of 2x 1033 cm=2s~! the resolu-
tion will degrade from 10% to 15% (constant term) for
the inner most modules closest to the beam pipe [32].
This should allow to operate the present HCAL with-
out major deterioration of the hadron trigger perfor-
mance.

The FE-boards need to be replaced to accommo-
date the increase of full read-out from 1 to 40 MHz.

5.3.3 Muon System Upgrade

In the present LO-u trigger M1 improves the momen-
tum resolution by ~ 30%. In the upgrade, M1 will
no longer be needed, since the momentum of muon
candidates found in M2-M5 will be determined by the
tracking system behind the magnet. Hence, M1 can
be removed. The muon system is the more shielded
sub-detector, therefore the primary component of the
particle flux is less dominant than in other subsystems.
Most of the hits that will be recorded by the chambers
in the stations M2-M5 will be produced by low en-
ergy secondary particles produced by electromagnetic
and hadronic showers, leading to a larger uncertainty
in MC predictions. This uncertainty will be resolved
after the first year of operation of LHCb. Ageing of
MWPC is of particular concern in the high luminosity
regime. The accumulated charge for an exposure of
100 fb~! shows that ageing should be acceptable for
the whole system, with the possible exception of re-
gion M2R1, i.e. the first station after the calorimeters
close to the beam-pipe. After the first actual back-
ground measurements in LHCb it should be assessed
if this part of the muon system needs to be replaced
with the same technology as is now used for M1R1,
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where triple-GEM type of detectors are employed.

The present muon trigger data is already transmit-
ted at a rate of 40 MHz over optical fibres to the L0
muon trigger boards, in much the same way as should
be implemented with the “New Readout Board” re-
placing the muon trigger boards.

6 Project Organisation

6.1 Organisation

The LHCb management and collaboration set up the
LHCb upgrade working group in March 2007. The
mandate of the LHCb upgrade working group is

e to produce a document making the case for the
LHCb upgrade,

e to coordinate the upgrade effort,

e to define the R&D required for detector, elec-
tronics read-out and trigger upgrade,

e to report to the LHCb management (Technical
Board) and Collaboration Board.

Each LHCb sub-detector has nominated a repre-
sentative to the upgrade working group, and these act
as liaisons with their detector upgrade communities.

6.2 R&D Plan

The LHCD experiment is now proposing an R&D pro-
gramme to start evaluating the technologies for a high
luminosity LHCb upgrade. Areas and possible av-
enues where R&D effort is required are outlined in
sections 4.2, 5.1, 5.2, and 5.3. Here we summarise the
important issues:

e development of trigger algorithms which are able

to cope with the higher luminosities,

development of a 40 MHz front-end electronics
for all sub-detectors,

development of a DAQ system with an estimated
bandwidth of 5 x 10* Gbits/s,

evaluate the radiation hardness for the vertex de-
tector sensor technologies: short Si-strips (strixel)
and pixels,

study modifications of the tracking detectors (OT,
IT and TT) required for maintaining the high re-
construction efficiency at a low ghost rate,

develop a replacement photo detector for the Ring
Imaging Cherenkov detector (RICH),



e cvaluate the performance of the electromagnetic
calorimeter (ECAL), and study possible replace-
ment options for the inner ECAL modules,

e confirm with data that the muon system will
cope with high luminosity running.

The sub-detector system have been invited to pro-
duce more detailed R&D proposals. The status of
these plans is detailed in ref. [36]. For example, the
vertex detector groups have already started to study
performance and radiation hardness of detector sen-
sors. The R&D should provide the necessary informa-
tion to submit a TDR of an upgraded detector by the
beginning of the next decade. This detector TDR, will
also contain detailed costings.
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