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Abstract

The primary goal of LHCD is to measure the effects of new particles or forces beyond the Standard
Model. Results obtained from data collected in 2010 and 2011 show that the detector is robust
and functioning well. While LHCb will be able to measure a host of interesting channels in heavy
flavour decays in the upcoming few years, a limit of about 1 fb~! of data per year cannot be overcome
without upgrading the detector. The LHC machine does not face such a limitation. With the upgraded
detector, read out at 40 MHz, a much more flexible software-based triggering strategy will allow a large
increase not only in data rate, as the detector would collect 5 fb~! per year, but also the ability to
increase trigger efficiencies especially in decays to hadronic final states. In addition, it will be possible
to change triggers to explore different physics as LHC discoveries point us to the most interesting
channels. Our physics scope extends beyond that of flavour. Possibilities for interesting discoveries
exist over a whole variety of phenomena including searches for Majorana neutrinos, exotic Higgs decays
and precision electroweak measurements. Here we describe the physics motivations and proposed
detector changes for exploring new phenomena in proton-proton collisions near 14 TeV centre-of-mass
energy.



Chapter 1

Introduction

1.1 Flavour physics in the era of the LHC

Studies of hadronic flavour physics observables have provided critical input in the construction
of the Standard Model (SM). Flavour measurements provided the first indications of the exis-
tence and nature of the charm quark, the third generation, and the high mass scale of the top.
In searching for physics beyond the Standard Model it is also evident that flavour observables
will play a central role.

Many of the open questions of the SM are associated with the flavour sector. Why are there
three generations (if there are only three)? What determines the hierarchy of quark masses?
What is responsible for the characteristic structure of the CKM matrix? Furthermore, two of
the very few observations that cannot be accommodated in the Standard Model, namely the
baryon-antibaryon asymmetry of the universe, and non-zero neutrino mass, are of a flavour
physics nature.

Flavour physics measurements already exert significant weight in limiting the parameter
space of New Physics (NP) beyond the SM. The strongest constraints on supersymmetric
Higgs bosons come not from direct searches, but from limits on, and measurements of, the
rates of suppressed heavy flavour decays such as By — pu*u~, b — sy and B~ — 7 v. These
observables will continue to have great importance in the era of the LHC. This can be seen
in Fig. 1.1, which illustrates for a popular variant of SUSY (NUHM1 [1]), how measurements
that are sensitive to values of B(B, — u* ™) below 1 x 1078 have greater discovery power over
the parameter space indicated than direct searches for the H and A Higgs bosons performed
with up to 60 fb~! [2]. Moreover, a measurement of B(Bs — p*u~) together with any direct
observation of a H or A candidate will be invaluable in elucidating the nature of the underlying
physics.

The physics opportunities of the LHC in terms of direct searches are well known; its potential
in flavour physics through the enormous production rate of B and D hadrons is no less rich.
At the LHC observation of By, — pu*u~ and other rare decays will be possible, as well as
detailed studies of important kinematical distributions that have not been accessible at previous
facilities, such as the angular distribution of the decay products in B® — K*u* =, which are
highly sensitive to the helicity structure of any NP effects [4].

A particular attraction of performing flavour physics at the LHC is the opportunity to make
measurements of C' P-violating asymmetries with much higher precision than has been possible
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Figure 1.1: The correlations between the preferred values of M4 and tan 8 in the NUHM1 variant of
MSSM [3]. Superimposed are the contours indicating the value of B(Bs — p*p™) in this framework.
Also indicated are the 5 o discovery contours for observing the heavy MSSM Higgs bosons H, A in the
decay channels H, A — 777 jets (solid line), jet + p (dashed line), jet + e (dotted line) assuming
an analysis requiring 30 or 60 fb~! collected with the CMS detector [2].

hitherto. These asymmetries are a priori very sensitive to the contribution from NP effects.
It is therefore surprising that the measurements of C'P violation performed with B° and B*
mesons at BABAR and Belle are broadly consistent with the CKM mechanism of the SM [5,6].
If new particles exist at the TeV mass scale, as is expected, then this is already an indication
that the flavour couplings of the NP have a very particular structure, so as not to have given
rise to effects inconsistent with the SM expectations. More precise measurements are needed to
test whether the CKM description remains successful at the sub-10% level. Even more exciting
is the possibility to extend this programme to the B, sector, about which very little is known
and where more visible effects may be apparent. Recent measurements from the Tevatron
hint at larger than expected C'P violation in By — J/v¢ [7,8] and in B, mixing [9, 10], but
measurements with higher precision are required to clarify the situation. This will only be
possible at the LHC.

1.2 LHCDb goals with current and upgraded detector

LHCD is an experiment that has been designed to perform flavour physics measurements at the
LHC. Its physics programme will be executed in two phases. A full discussion of the goals of
each phase may be found in Chapter 2. Here a brief overview is given.

The aims of the first phase of the experiment can be achieved with around 5 fb~! of data
and will take several years to accomplish, using the current detector. With this data-set, it will
be possible to extend significantly the precision of many key observables in B and D physics
beyond what was possible at the B-factories, and make the first exploration of the B, system.

To exploit fully the flavour-physics potential of the LHC will then require an upgrade to the
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Figure 1.2: LHCb measurement of the bb cross-section at /s = 7 TeV, as a function of rapidity. In
each rapidity bin measurements performed with two sets of trigger conditions are shown (black and
blue), which are then averaged together to give the final result (red, with smallest error bars). Also
shown are two theoretical predictions [12].

detector, as proposed in this document. The upgrade will allow the experiment to operate at
higher luminosity, and will equip the detector with a fully flexible software trigger. This latter
attribute will be invaluable for improving the selection efficiency for hadronic final states in B
and D decays. The upgraded detector will be able to collect 50 fb=! of data integrated over
around ten years of operation.

The aim of both the existing experiment and the upgrade is to search for effects of processes
beyond the SM, and to characterise the nature of the underlying physics. In both phases a
wide programme of studies will be performed, which can be broadly divided into two equally
important categories, as summarised in Table 1.1. In the first category (“Exploration”) are
those studies which exploit decay modes or observables which are a priori very sensitive to NP,
but have not been accessible at previous experiments. The hope here is to observe large non-
SM effects. The second category (“Precision Studies”) encompasses measurements of known
parameters with improved sensitivity, to allow for more precise comparisons with theory. The
strategies for performing the studies in certain key topics with the existing detector have been
mapped out using simulation [11]. The data collected give confidence that these physics goals
are achievable, as it has been observed that the detector is performing as expected and that the
cross-section for heavy-flavour production agrees with the theoretical predictions (see Fig. 1.2).

In the physics exploitation of the upgraded experiment the Exploration category will be
populated by important new observables and decay modes, which cannot be studied with
interesting precision at the existing experiment. This means that the physics gain of the
upgrade cannot be assessed by merely applying a ‘1/ VN’ scaling to the expectations of the
current detector. The topics which had been classified in the Exploration category for the
existing experiment will migrate to the class of Precision Studies. Improved knowledge of these
observables will be essential in understanding the NP which it is hoped that the LHC will
uncover.

The potential of LHCb extends far beyond quark flavour physics. Important studies are also
possible in the lepton sector, including the search for lepton-flavour violating tau decays and
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Table 1.1: LHCb quark flavour physics goals, illustrated with selected examples for the current and
upgraded detector.

Exploration Precision studies
Search for By — p*p~ down to SM Measure unitarity triangle angle v to
value ~ 4° to permit meaningful CKM tests

Search for mixing induced C'P violation
Current | in By system (235) down to SM value Search for CPV in charm
LHCb
Look for non-SM behaviour in forward-
backward asymmetry of B® — K*u*pu~

Look for evidence of non-SM photon
polarisation in exclusive b — sy

Search for BY — ptp~ Measure B(Bs — pt ™) to a
precision of ~ 10% of SM value

Study other kinematical observables Measure 2, to precision

in BY - K*utu~, eg. Ar(2) < 20% of SM value
Upgraded Measure v to < 1° to match
LHCb CPV studies with gluonic anticipated theory improvements

penguins e.g. B, — ¢¢
Charm CPYV search below 10~*
Measure C'P violation in
B, mixing (A%,) Measure photon polarisation in

exclusive b — sy to the % level

for low mass Majorana neutrinos. Furthermore, the forward geometry, precise vertexing and
particle identification capabilities of the detector give LHCb unique and exciting possibilities in
the areas as diverse as electroweak physics, the search for long-lived new particles, and QCD.
In all cases great benefit will come both from the increased sample sizes that will be made
available with the upgrade, and the flexible software trigger. More discussion is given to these
opportunities in Chapter 2.

1.3 Running LHCDb with large pile-up

Recent running of LHCb, albeit at luminosities below nominal design, have approached inter-
action rates per bunch expected at the upgrade. The effect on the detector of much higher
number of visible interactions per crossing, u, than originally planned has therefore been ob-
served. The detector has been run with p values of up to 2.5, similar to those expected in the
upgrade scenario, while the nominal design value was u = 0.4. However, an upgraded LHCb
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Figure 1.3: Invariant mass distribution of J/v(u*pu~)é(K+K~) candidates, using 35 pb~! of data.

detector will experience larger bunch-to-bunch spillover, and track multiplicities will increase
somewhat given the expected doubling of the LHC beam energy.

Running at larger than design pile-up results in an increased combinatorial background and
lower reconstruction efficiency due to increased occupancy in the detector. Studies of the data
suggest that these effects are much smaller than might initially have been expected.

Impact on combinatorial background The impact of the large pile-up on the combinato-
rial background has been studied extensively [11]. The invariant mass of J/¢(u*p™)p(KTK™)
candidates, which are used to measure the B, mixing phase, are shown in Fig. 1.3. These
candidates have been reconstructed in the data taken in 2010 with an average p = 1.8. The
distribution shows a signal-to-background ratio (S/B) of around 5. This level of background
results in only a very small loss in sensitivity compared to that expected in nominal LHCb
conditions.

To extrapolate to even larger pile-up, Fig. 1.4 shows S/B extracted from the invari-
ant mass distributions of J/¢(u*pu~)K* candidates as a function of the number of primary
vertices (PVs) reconstructed. The S/B of B, — J/¢(uTpu~)K* is comparable to that of
By — J/W(ptu")o(KTK ™). However, the former decays have an order of magnitude more
statistics. This allows the S/B to be investigated in events with up to five PVs. The S/B value
is found to be independent of the number of PVs, due to the fact that the separation between
PVs is on the order of centimetres, while the resolutions of primary and secondary vertices
are ~ 60 pm and ~ 200 pum, respectively. For this core physics channel the LHCb detector
therefore performs very well in terms of S/B, even in the presence of large pile-up. For some
other channels, for example inclusive semileptonic decays such as B — DuX, some degradation
is observed.

Impact on track reconstruction efficiency To check the track reconstruction efficiency for
large pile-up, the data has been used to validate the reconstruction efficiency of charged tracks
in Monte-Carlo simulation. The simulation results are in good agreement with the observed
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Figure 1.4: Signal-to-background ratio for the invariant mass distribution of J/¢(u*p~)K* as a
function of the number of primary vertices reconstructed in the event.

efficiencies, which gives confidence in using the simulation to determine the maximum pile-up
at which the reconstruction of charged tracks would still work with the present LHCb detector.

Owing to the limited number of LHC bunches, LHCb has not yet been exposed to spill-over!
from neighbouring LHC buckets. With the nominal number of bunches, 2622, the probability
that a consecutive crossing also has a pp interaction is 0.33 at p = 0.4, while at p = 2 this
probability rises to 0.86.

The Outer Tracker subdetector is sensitive to spill-over and from g = 0.4 to u = 2 its
occupancy rises by a factor two. Other subdetector systems which are less sensitive to spill-over,
see the occupancy rise by a factor ~1.6. To test the reconstruction efficiency, crossings have
been simulated containing By, — ¢(K ™K~ )¢(KTK ™) decays, and the efficiency to reconstruct
the By was determined. Compared to running at p = 0.4, the loss in efficiency at © = 2 and 4
is respectively 13% and 36%. The deterioration in tracking efficiency due to large occupancies
is therefore expected to be small compared to the luminosity increase up to p = 2. For larger p
values, the increase in luminosity would be neutralised by the loss in reconstructing multi-body
final states.

1.4 Consequences for the upgrade strategy
The above would indicate that the present detector could run at luminosities L ~ 1033 cm =251
with 4 = 2 if the machine reaches its nominal number of bunches. However, the present
detector is limited to a maximum read-out rate of 1.1 MHz. To trigger at an increased event
rate requires a substantial change in the LHCb read-out architecture.

The present first level trigger (LO0) is implemented in hardware [13]. Trigger selections are

IThe arrival time of each particle and electronic response may span more than the time interval between
consecutive bunches. The simulation takes this into account, also generating interaction several bunches around
the bunch of interest.
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Figure 1.5: The trigger yield for different decays of B mesons. Each point is normalised to the trigger

yield expected in nominal conditions at a luminosity of 2 x 1032 cm™2s71.

made at the 40 MHz beam crossing rate using either the Calorimeters or the Muon System.
Criteria are based on the deposit of several GeV of transverse energy, Fr, by charged hadrons,
muons, electrons or photons. While this provides high efficiencies on dimuon events, it typically
removes half of the fully hadronic signal decays. In these hadronic decays the Er threshold
required to reduce the rate of triggered events to an acceptable level is already a substantial
fraction of the B meson mass. Any further increase in the rate requires an increase of this
threshold, which then removes a substantial fraction of signal decays. As shown in Fig. 1.5,
the trigger yield therefore saturates for hadronic channels with increasing luminosity. While
it was shown above that LHCb would be able to run at L = 10%* cm 257!, the decrease
in LO-efficiencies, and especially the L0O-hadron efficiency, would result in an almost constant
signal yield, independent of luminosity, for L > 2-3 x 1032 em~2s7!. Unless the efficiency can
be improved by removing the LO 1 MHz limitation and introducing information that is more
discriminating than Er earlier in the trigger, the experiment cannot profit from increasing the
luminosity.

The most effective way of achieving such a trigger upgrade is to supply the full event
information, including whether tracks originate from the displaced vertex that is characteristic
of heavy flavour decays, at each level of the trigger. This requires reading out the whole
detector at 40 MHz and then analysing each event in a trigger system implemented in software.
A detector upgraded in this way would allow the yield of hadronic B decays to be increased by
up to a factor of seven for the same LHC machine run-time.

In order to supply displaced vertex information at the first level of the trigger, a tracking
system which allows the pattern recognition to be performed quickly is essential. If the tracking
system can also improve the efficiency and, in particular, reduce the ghost rate, it may be
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Figure 1.6: Layout of the current LHCb detector.

possible to avoid the efficiency loss for multi-body final states described above which limits the
present detector to p = 2. Running at even higher pile-up would allow further gains in signal
yields.

1.5 Detector modifications

The current LHCb detector is shown in Fig. 1.6. The detector elements are placed along
the beam line of the LHC starting with the Vertex Locator (VELO), a silicon strip device
that surrounds the proton-proton interaction region and is positioned with its sensitive area
8 mm from the beam during collisions. It provides precise locations for primary pp interaction
vertices, the locations of decays of long-lived particles, and contributes to the measurement of
track momenta. Other devices used to measure track momenta comprise a large area silicon
strip detector (T'T) located in front of a 4 Tm dipole magnet, and a combination of silicon strip
detectors (Inner Tracker, IT) and straw drift chambers (Outer Tracker, OT) placed behind.
Two ring-imaging Cherenkov (RICH) detectors are used to identify charged hadrons. Further
downstream an Electromagnetic Calorimeter (ECAL) is used for photon detection and electron
identification, followed by a Hadron Calorimeter (HCAL), and a system consisting of alternating
layers of iron and chambers (MWPC and triple-GEM) that distinguishes muons from hadrons
(Muon System). The ECAL, HCAL and Muon System provide the capability of first-level
hardware triggering.

In this document the next chapter provides a detailed physics case for the LHCb upgrade,
and is followed by a chapter describing the detector upgrades. Implementing the 40 MHz
read-out for the upgrade will require replacing all the front-end electronics. Apart from this,
coping with luminosities of 1033cm=2s~! does not require substantial rebuilds of the Muon



1.6. TIME-LINE 9

System, Outer Tracker and calorimeters. For the RICH detectors, the vessels will be reused,
but since the front-end electronics is encapsulated within the current photon detectors (HPDs)
they will need to be replaced. The VELO sensors will also have to be replaced, due to the
increased radiation dose expected in the upgrade. The possibility of equipping it with pixel
sensors is under study, as discussed in Section 3.3. Replacement of the silicon tracking stations
is also required, since the front-end electronics is attached to the sensors. The possibility of
increasing the tracking efficiency by redesigning the stations is under investigation, as presented
in Section 3.4.

In addition, owing to the higher occupancies in the upgrade environment, the RICH aerogel
radiator and the first muon station (M1) will be removed. The removal of the preshower
(PS), and scintillating pad detector (SPD) is also being considered. A new component of the
particle identification system based on time-of-flight (TORCH) is proposed to augment the low-
momentum particle identification capabilities (see Section 3.5). Upgrades to the calorimetry
and MUON systems are described in the subsequent section.

1.6 Time-line

LHCb expects to accumulate on the order of 5 fb~! in the years up to 2017. At that time it is
proposed to install the upgrade to allow ~ 5 fb~! to be accumulated each year. This upgrade
would not be tied to any luminosity increase of the LHC, as by that time it is expected that
L > 10% cm~2s™! will already be available. The open geometry of the LHCb detector will allow
portions of the upgraded detector to be installed in any reasonably long shutdown.



Chapter 2

Physics Justification

Introduction

The LHCb upgrade will pursue important and exciting physics goals in the flavour sector and
beyond. The upgrade augments the established strengths of the existing detector, for example
the forward acceptance, precise vertexing, and particle identification capabilities, with a flexible
software trigger, and the ability to run at a luminosity of 1033 cm™2s~!, which will enable a very
large data sample of ~ 50fb~! to be accumulated. The improvements to the present detector
will enable the detector to increase significantly the sensitivity that the experiment can attain
in its study of b- and c-hadron decays, and will make possible high precision measurements and
unique studies in many other areas of high energy physics.

In what follows, consideration is given first to the contribution that the upgraded experiment
will bring to the field of quark flavour physics. The extremely promising results obtained with
first data can already be used to extrapolate to the performance of the future detector. It
is argued that measurements in the hadronic flavour sector, i.e. decays of beauty and charm
hadrons, have great and wide-ranging sensitivity to New Physics effects. These measurements
will be a powerful method both to search for New Physics, and to characterise its nature when
found. As such, they constitute an indispensable element of LHC exploitation. The upgrade to
the detector proposed in this document is necessary for this programme to proceed throughout
the lifetime of the LHC.

The scientific goals of LHCb, however, extend far beyond quark-flavour physics. The up-
graded experiment can be regarded as a multi-purpose detector in the forward direction. The
unique acceptance, coupled with the flexible trigger, will enable LHCb to make measurements
that are either complementary to, or of higher sensitivity than, those which are possible at
the LHC general-purpose detectors (ATLAS/CMS) and other facilities. Examples include the
search for long-lived exotic particles, and measurements in the electroweak sector such as the
determination of the weak mixing angle. A brief survey is therefore made of various opportu-
nities which exist for LHCb in the lepton sector and in non-flavour topics. In most of these
areas work is only now beginning, and further study is needed to quantify more precisely the
sensitivities that can be achieved. Nevertheless, a clear message emerges as to the richness of
the physics possibilities that are open to LHCb beyond the studies of b and ¢ decays.

10
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2.1 Quark Flavour Physics

2.1.1 Motivation and strategy

The LHCb detector was constructed to study the physics of flavour and its unique capability
to probe this sector remains at the core of the physics programme of the upgraded experiment.
This is motivated by one of the major unsolved scientific challenges for particle physics, namely
the quest to understand the origin of the asymmetry between matter and antimatter in the
Universe.

Previous experiments have made a number of measurements of C'P violation in the quark
sector, and until now all results are compatible with a sole source of asymmetry arising in the
Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [14]. For reviews of the status of the
field, see, for example, Refs. [15,16]. However, it is well known that the Standard Model (SM)
C'P violation is insufficient to explain the magnitude of the baryon asymmetry of the Universe,
and therefore further sources of C'P violation must exist. It is possible that these new sources
could be found in the lepton sector, or indeed in an extended gauge sector. Nonetheless,
the best chance of finding non-standard C'P violation effects within the next decade is in the
quark sector, due to the high precision that can be achieved with an upgraded LHCb detector
exploiting the copious production of charm and beauty hadrons at the LHC.

Flavour observables are also highly sensitive to physics beyond the Standard Model, even
in models which do not introduce any new sources of C'P violation. The suppression of flavour-
changing neutral currents in the SM is one of the most severe constraints for model builders,
and effects of virtual particles in rare processes can modify decay rates dramatically from their
SM predictions. Historically, such observations resulted in the prediction both of the existence
and the properties of the charm quark, as well as the third family (bottom and top quarks)
well before colliders reached the energies necessary to produce these particles.

Indeed, there are excellent prospects for major discoveries in the first phase of LHCb op-
eration. If, for example, the true value of the C'P violation phase in B, or D° oscillations,
or that of the decay rate for B, — ptpu~, is substantially altered from the SM prediction,
then LHCb measurements will prove the existence of New Physics (NP). Of course, there may
also be discoveries of beyond-the-SM physics at ATLAS and CMS. In these scenarios the role
of the upgraded LHCb experiment will be to characterise NP, i.e. to understand what is the
correct model describing the new phenomena and to measure its parameters. Examples of the
impact of measurements from the upgraded LHCb experiment on some illustrative models are
given below. In the less favourable scenario that there is no early discovery at the LHC that
is inconsistent with the Standard Model, it will be necessary to maximise the possibility of the
discovery of New Physics, leaving no stone unturned in the search. The flexible software trigger
of the LHCb upgrade will be crucial for this purpose.

To illustrate the impact of the LHCb upgrade beyond the first phase of LHCb operation,
we consider some of the key physics analyses discussed in the recent Roadmap document [11].
In each case, the upgraded experiment will provide a significant increase in the physics reach as
new regimes of sensitivity are reached, and as the data samples become large enough to study
additional decay modes.
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Measurement of mixing-induced CP violation in B; — J/¢¢
First phase Find or rule out large deviations from SM
Upgrade Precise measurement of B, oscillation phase
Charmless hadronic two-body B decays
First phase Measure C'P violation in two-body decays
Upgrade Analysis of theoretically clean vector-vector final states
The tree-level determination of the unitarity triangle angle ~
First phase Measure with ~ 4° uncertainty to allow for CKM tests
Upgrade Achieve < 1° precision to match anticipated progress in lattice QCD
Analysis of the decay B, — putu~
First phase Find or rule out large deviations from SM
Upgrade Make precision measurement and extend programme to B® — utpu~
Analysis of the decay B — K*0u*p~
First phase Measure the zero-crossing point of the forward-backward asymmetry
Upgrade Exploit the NP sensitivity of the full kinematic distributions

These measurements are discussed in more detail in the remainder of this section, together with
illustrative examples of other important avenues of study, such as the measurement of photon
polarisation in exclusive b — sy*) decays and the search for C'P violation in charm.

In the first phase of the experiment, LHCb will explore areas that (some first measurements
by the Tevatron experiments notwithstanding) are virgin territory. Whatever the outcome of
this initial exploration, precision measurements of these important quantities will be required.
Since the proposed “Super B-factory” experiments cannot compete in a number of key mea-
surements, this can only be done with the LHCb upgrade. LHCb has unique potential in the
Bs and b baryon sectors, since these particles are not produced in ete™ collisions at the T (4S)
resonance. It will be the only experiment that can perform time-dependent C'P violation mea-
surements in the B, system. Moreover, in exclusive final states composed solely of charged
particles, LHCb will accumulate enormous numbers of events, far in excess of what will be
available at any other facility. These will allow for super-precise measurements of fundamental
quantities such as the C'P violating angle v, and unchallenged sensitivity to C'P violation in
charm. A summary of the achievable sensitivities for some key channels is given in Table 2.1,
based on the studies presented in [11] and recent updates.

2.1.2 Impact on New Physics models

In any scenario, the LHCb upgrade will provide measurements that will be essential to under-
stand the physics landscape that this decade will unveil. In this section we provide some brief
examples of the impact of the experiment.

The minimal flavour violation (MFV) hypothesis [17] has been proposed to resolve the
tension between the need for physics beyond the SM to manifest at the TeV scale in order to
resolve the hierarchy problem, and the apparent absence of effects from new TeV-scale particles
in flavour observables (see Refs. [18,19] for reviews). MFV requires that all sources of flavour-
and C'P-violation in the quark sector have the same pattern as those of the SM, namely the
CKM matrix. This can be (albeit sometimes rather unnaturally) satisfied in a range of NP
models, including supersymmetry. While such models predict that all measurements of C'P
violation will be consistent with the SM, large enhancements are possible in rare decays. A
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Table 2.1: Sensitivities of the LHCb upgrade to key observables. For each observable the current
sensitivity is compared to that expected after LHCb has accumulated 5 fb~! and that which will be
achieved with 50 fb~! by the upgraded experiment, all assuming /s = 14 TeV. (Note that at the
upgraded experiment the yield/fb~! in hadronic B and D decays will be higher on account of the

software trigger.)

Type Observable Current LHCb | Upgrade Theory
precision | (5 fb™!) | (50 fb™!) | uncertainty
Gluonic S(B, — ¢0) - 0.08 0.02 0.02
penguin S(B, — K*K*0) - 0.07 0.02 < 0.02
S(B° — ¢K9) 0.17 0.15 0.03 0.02
B, mixing 285 (Bs — J/1o) 0.35 0.019 0.006 ~ 0.003
Right-handed S(Bs — ¢7) - 0.07 0.02 < 0.01
currents A2 (B, — ¢) - 0.14 0.03 0.02
E/W AR(BY — KOt p) - 0.14 0.04 0.05
penguin so Apg(B°® — K*Ou* ™) - 4% 1% ™%
Higgs B(Bs — putu™) - 30% 8% < 10%
penguin % - - ~ 35% ~ 5%
Unitarity v (B — DWK®) ~ 20° ~ 4° 0.9° negligible
triangle v (Bs — DsK) - ~T° 1.5° negligible
angles B (B — J/i K°) 1° 0.5° 0.2° negligible
Charm Ar 25x 1073 | 2x107% | 4x107° -
CPV Adr(KK) — A%ir(rr) | 4.3 %107 | 4x 1074 | 8 x 1075 -

striking example is the branching fraction of the decay B, — p* ™, which in the CMSSM at
large values of tan 3 (the ratio of Higgs vacuum expectation values) is proportional to tan® 3 [20].
Enhancements above the SM prediction of B(Bs — pTp™) = (3.6 £0.3) x 107 [21] right up to
the current experimental upper limit of 5.1 x 1078 [22] are therefore possible.

Although MFV can easily be disproved (for example by any measurement of C'P violation
that is inconsistent with the SM), it will be difficult to establish for certain if it is an underlying
feature of nature. Yet if NP does respect MFV, it will be crucial to know this for sure, since
it will provide insight into the underlying physics at very high energies. For example, in
supersymmetry MFV is realised if the supersymmetry breaking terms are flavour-blind at the
appropriate scale. A proof of the MFV hypothesis can be achieved only by showing that physics
beyond the SM exhibits its characteristic flavour-universality pattern. In particular, it is crucial
to measure the ratio B(B® — pu™u~)/B(B;, — utp~), since MFV predicts that this is given
by its SM value, [V;q/Vis|*. Observation of B® — it~ requires huge statistics and excellent
control of backgrounds, and can only be made by the upgraded LHCb experiment.

As an alternative to MFV, we consider a model that has received a lot of attention in the
literature recently (see, for example, Refs. [23]), namely the Standard Model extended to four
families (SM4). In the quark sector, this model has an extra seven parameters compared to
the Standard Model: the masses of the two new quarks (¢, b’) plus five new quark-mixing
parameters, related to the fact that the four-family version of the CKM matrix has nine free
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parameters instead of just four as in the SM. These five new quark-mixing parameters can be
written as three mixing angles plus two new C P-violating phases. The consistency of current
flavour measurements with the SM places limits on the sizes of the new mixing angles, while
direct searches and electroweak fits constrain the masses of, and the mass difference between,
the ¢ and b’ quarks.

In contrast to models with MFV, in SM4 new C'P-violating phenomena can be expected
due to the two new phases. Measuring the underlying parameters of the model becomes a
significant challenge due to their strong correlations in most observables. Particularly crucial
due to their relatively clean interpretations are the C' P-violating asymmetries of D°, B® and B,
oscillations and the phase v [24]. The latter, in particular, can be determined from B — DK
processes with negligible theoretical uncertainty—it yields the SM value of v even in extended
models. Only the LHCb upgrade can make the complete set of these measurements with the
precision necessary to disentangle the underlying parameters of the model.

As an aside, we note that it is natural to expect that, if there is a fourth family of quarks,
the lepton sector will be similarly extended. This can lead to some interesting phenomenology
that the LHCb upgrade would be well-placed to explore, as discussed in Section 2.2.1.

2.1.3 CP violation

C'P Violation in B, Oscillations

One of the primary goals of LHCb is to probe NP in By mixing. The golden channel for
this analysis is By — J/1¢, which is dominated by a b — c¢s tree diagram, and therefore is
sensitive to the weak phase 5 = arg (—Vi;V};/VesV,;) with little theoretical uncertainty. The
measurement proceeds by analysis of the time dependent and angular decay distributions of B,
mesons. The time-evolution of a B, meson that is tagged as B or B, at time ¢ = 0 to a final
state f is given by [25]

~t/7(5) ATt
o) = M o (2

47(B,) 2
ATt
+5 sin(Amgt) — Cy cos(Am,t) + A?F sinh( 25 ) } :
Nye t/m(Bs) ATt
FBSHf(t) J;h_(—B> COSh 5 )
ATt
— Sy sin(Amgt) + Cy cos(Amt) + A" sinh( 5 )} . (2.1)
where
2Im(Ay) 1— s ar _ 2Re(Xy) q Ay
g, = =W o 2 = 2RO and Ay =221
PTIEINE TR T TR T Y T,

Note that (Sf)* + (Cf)* + (.AAF) = 1 by definition, and that in contrast to the C'P-violating
asymmetry parameters Sy and Cf, the parameter A appears with the same sign in both B,
and B, decay time distributions, and can therefore be determined from untagged analysis.
The parameters Ay and A; are the complex amplitudes for the decay of B, and By to
the final state f, respectively. For a C'P eigenstate decay, As takes a single value (so that if,
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for a decay to a CP-even eigenstate, the b — ccs tree diagram is dominant, Sy = sin(20;)
and AJ%F = —cos(2f)) but for a vector-vector final state A; is written as a function of the
contributing helicity amplitudes, appropriately weighted for each particular point in phase
space, giving a more complicated dependence on [ [25]. The parameters g and p describe the
eigenstates of the effective weak Hamiltonian of the B,~B, system (see Eq. 2.2 below). The
constant Ny is a normalisation factor.

In the Standard Model, the value of 3, is constrained from global fits to the CKM matrix
to be close to zero (see, for example, Refs. [5,6]), 28, = —2nA\? = —0.0363 +0.0017 rad, where 7
and A are the Wolfenstein parameters [26] of the CKM matrix. Although first measurements of
Bs have been made by CDF [7] and DO [8], the results to date do not provide a very significant
constraint.

The signals of J/¢K ™) and J/1¢ decays seen in the early LHCb data shown in Fig. 2.1 are
in line with the expected yields. Moreover, it has already been possible, and using hadronic
final states such as B, — D,m, to resolve the very rapid B, oscillations and measure Am,
the parameter which determines the mixing frequency. The likelihood scan as a function of
Amg is shown in Fig. 2.2. A clear minimum is seen, and the preliminary analysis yields
Amg = 17.63+0.11 (stat) £0.04 ps~! [27], in good agreement with the value from the Tevatron
of 17.77 £ 0.12 ps~! [30].
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Figure 2.1: Signals for (left) BY — J/¢K*? and (right) By — J/t¢ seen in ~ 34 pb~! of LHCD data

accumulated in 2010.

With ~ 337 pb™! of LHCb data accumulated in 2011, a preliminary value of ¢, = 0.13 +
0.18 (stat) 4 0.07 rad is obtained using the decay By — J/1¢ [29], surpassing the sensitivities
obtained as other experiments. The result is displayed in the gb;]/ Y _ AT plane in Fig. 2.3.

Given these encouraging first results from data, and from the results of simulation sensitivity
studies [11], we can be confident that with 5 fb~! accumulated during the first phase of LHCD,
B will be determined with a statistical precision comparable to the central value of the Standard
Model prediction [11]. This accuracy is good enough to establish a New Physics effect if it is
only three times larger than the SM.

If no anomalous effect is seen, it will be necessary to improve the precision to be able to
observe C'P violation at the SM level. In this case, and also if anomalies are found, it will
be necessary to control both experimental (systematic) and theoretical uncertainties. These
challenges can be tackled in the upgraded experiment using several complementary approaches.
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Figure 2.3: 2D likelihood confidence regions in the gb;]/ Yo _AT plane. The black square ss corresponds
to the theoretical predicted Standard Model value [28].

e The measurement using J/1¢ decays can suffer systematic uncertainties from acceptance

effects since an angular analysis of the vector-vector final state is required:

— fs can be measured using B decays via b — ccs transitions to pure C'P eigenstates
such as DI D, and J/1 fy(980), which has recently been observed for the first time by
LHCb, as shown in Fig. 2.4 [31]. Using the B, — J/v f3(980) decay in ~ 378 pb™' of
LHCDb data accumulated in 2011, a preliminary value of ¢, = —0.44+0.44 (stat) £0.02 rad
could already be obtained [32].

Contributions from S-wave K™K~ under the ¢ peak can bias the measurement if not
properly accounted for [33]:
— the additional amplitudes can be included in the fit, which will remove the bias [34].

Uncertainties arise in the SM prediction due to suppressed (penguin) contributions to the
decay amplitude:

< the SM uncertainties can be bounded from data using the B, — J/¢K®*)° decays [35,
36]; 35 can be measured in the penguin-free B, — D%¢ channel [37].

The upgraded LHCb experiment will also allow for a significant improvement in the knowl-

edge of the C'P violating phase in B oscillations, 3. While the measurement of sin 23 using
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Figure 2.4: Signal for B, — J/1 f5(980) seen in ~ 33 pb™! of LHCb data accumulated in 2010 [31].
(Left) Bg candidate invariant mass distribution for candidates with |m(7*7~) — 980 MeV| < 90 MeV;
(right) m(m 7 ~) distribution for candidates with |m(J/¢¥nt7™) — 5366 MeV| < 30 MeV.

the decay B® — J/¢KY will be a calibration measurement in the early period of LHCb data
taking, the very high statistics of the upgraded experiment will allow for a significantly better
sensitivity than the present world average. Similar strategies to those discussed above for the
B, oscillation phase can be used to control theoretical uncertainties.

A complementary approach to search for New Physics effects in B, oscillations is through
the measurement of C'P violation that arises in the mixing amplitude itself (as opposed to
the effects discussed above, which correspond to C'P violation in the interference of mixing
and decay). The parameters p and ¢ introduced in Eq. 2.1 are defined by writing the mass
eigenstates of the effective weak Hamiltonian [25]

|BL> :p’Bs>+Q|Bs> |BH> :p‘Bs> _Q‘Bs> (2'2)

where |p|°> + |¢|*> = 1. CP violation in mixing occurs when |¢/p| # 1, and a CP violation
parameter can be defined in analogy with the kaon system as eg, = (p—¢q)/(p+¢q). This can be
measured using flavour-specific decays where the quantity determined is the so-called flavour-
specific asymmetry, Ag(B;). Inclusive semileptonic decays provide a convenient high-statistics
sample with which to determine this quantity,

I'(B°BY - 171"X) —T(B°BY - ItI*X 2 > 4
Afs(Bs)_ ( ss ) ( ss )_ |p/q| ‘Q/p‘ ~ RQ(EBZ). (23)

T (BB - I-1-X) +T (BYBY —» I+1*X)  |p/al* +a/p]*  1+|es,

The SM prediction is Ag(Bs) = (2.06 £ 0.57) x 107° [38], and hence any asymmetry larger than
~ 107 could only be a consequence of NP.

If the inclusive approach is applied in a hadronic environment, the quantity measured is a
linear combination of the flavour-specific asymmetries in B® and B, decays. This approach has
recently been used by the DO collaboration [9,10], with the result

A% = (0.506 4 0.043) x Ag(B°) + (0.494 4 0.043) x Ag(By) (2.4)
= —0.00957 £ 0.00251 (stat.) = 0.00146 (syst.), (2.5)
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Figure 2.5: Signal for By — D*fu~vX seen in ~ 20 pb~! of LHCb data accumulated in 2010 [39)].

which is 3.2 standard deviations from the Standard Model prediction (the SM gives Ag(B°) =
(—4.8719) x 1074 [38], so that A%(SM) = (—2.3%9%) x 104 [9)).

One urgent goal of the first phase of LHCD is to confirm or rule out this anomaly. Large yields
of semileptonic decays have already been recorded and have been used to measure the bb pro-
duction cross-section [12] and to make the first observation of the decay By — D u~vX [39),
shown in Fig. 2.5. Due to the high precision required, it is necessary to use methods with in-
trinsically low levels of systematic uncertainty. The favoured approach in early data taking is to
examine the difference between the B? and B, flavour-specific asymmetries, identifying BY and
B by their decays to D~ p+ X and D u" X respectively, using the identical final state KK~ 7~
for both D~ and D; decays, thereby suppressing biases from any detector asymmetries. A very
precise measurement is possible with 5 fb™" [40,41].

If NP is found in this measurement, it will be necessary to perform separate measurements
of Ag(B°) and Ag(Bs), rather than their combination, to isolate the origin of the effect. While
more precise measurements of Ag(B°) could potentially be made at future ete™ B-factories,
competitive measurements of the B, system can only be made at LHCb. Here it will be difficult
to use semileptonic decays, since the systematic uncertainty due to intrinsic detector asymmetry
will be hard to control. However, the hadronic decay B, — D, w™" is flavour-specific, and gives
a symmetric final state when the D, — K™K~ 7~ decay is used [41]. This analysis will require
both very large statistics and a flexible trigger with high efficiency on hadronic decay modes,
and therefore can only be carried out at the upgraded LHCb experiment.

As an aside, we mention that among the broad physics programme that can be achieved
using semileptonic decays, the upgraded LHCDb experiment has promising sensitivity to the
decays B — D®ru. The rates of these decays are sensitive to New Physics in two-Higgs-
doublet models, including supersymmetry, since tree-level diagrams involving charged Higgs
bosons can interfere with the W-mediated SM amplitude [42]. The B — D™ 7v decays hence
probe the same physics as the eTe™ B-factory golden channel B* — 77 v, but in addition allow
for the study of kinematical observables that provide further NP sensitivity [43]. The signature
of B — D7y decays at LHCb is a three-prong 7 decay together with a D®*) meson, both
displaced from a B vertex that is itself displaced from the primary vertex. The decay has a
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Figure 2.6: Signals for (left) B,y - K~ 7" and (right) B,y — K7~ seen in ~ 35 pb~! of LHCb
data accumulated in 2010. Signals for both B® and B, decays are visible at the expected levels, and
the uncorrected C'P asymmetries are consistent with previous measurements [45].
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Figure 2.7: Signals for (left) Ay, — pK~ and (right) A, — pr~ (both including charge conjugate
modes) seen in ~ 35 pb~! of LHCb data accumulated in 2010.

large branching fraction, so very large statistics are in principle available. However, owing to
the high multiplicity of the final state, the efficiency for the decay to pass a transverse energy

threshold in the trigger is suppressed. This analysis will therefore benefit significantly from the
flexible trigger strategy of the LHCb upgrade.

CP violation in charmless hadronic decays
Charmless hadronic B decays are in principle highly sensitive to NP, since they proceed through
rare decay topologies such as penguin diagrams. However, it is an experimental and theoretical
challenge to control SM uncertainties to the precision necessary. In the first phase of LHCb,
the emphasis is on decays to two charged particles, where clear signals have already been
observed [44], as shown in Figs. 2.6 and 2.7. In early data, we expect to make the world’s first
observations of direct C'P violation in By and A, decays, and to measure time-dependent C'P
violation in By, — K1tK~ decays, which is sensitive to NP. We also expect to observe many
new interesting decay channels, such as B, — K*0K*0.

In the upgraded experiment, it will be possible to measure time-dependent C'P violation
in channels that have only recently been discovered, and even in some that have not yet been
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observed. In particularly, the penguin-dominated decays B, — ¢¢ and By, — K*°K*° are
particularly sensitive to NP [46]. For the former, the SM prediction for the time-dependent
C'P violation is very close to zero due to a cancellation of the By mixing and decay phases [47].
A SM calculation using QCD factorisation gives a theoretical upper limit of a 2% effect [48].
After collecting 5 fb™! of data with the LHCb experiment, the statistical sensitivity to C'P
violation in By — ¢¢ is expected to be about 0.08 [49]. The lifetime resolution and acceptance,
the angular acceptance, the B, lifetime and mass differences and the background model will
contribute to a total systematic error of about 0.01. Therefore the precision will be at about
the same level as achieved by the B-factories for the related modes B — ¢Kg and B® — 'Ky,
and more statistics will be necessary for further improvement.

The LHCb upgrade will substantially improve the measurement of C'P violation in By — ¢¢,
since this a hadronic mode which will benefit maximally from the detached vertex trigger. To
reach the highest precision it will be necessary to remove the possible S-wave contributions from
non-resonant By, — ¢K K~ and B, — ¢fy decays [33]. Studies have shown that these can
be incorporated into the analysis without causing a bias, albeit with an increase in statistical
error of less than 15% [34]. With 50 fb~! of data accumulated with the upgraded experiment,
a sensitivity of a few percent, comparable to current estimates of the theoretical uncertainty,
is achievable.

The decay B, — K*K*0 has similar phenomenology to B, — ¢¢, and the experimental
sensitivities that can be reached in the two cases are also comparable. The advantage of this
mode is that the SM contribution can be determined from data in a model-independent analysis
that uses information extracted from the related B® — K*°K** decays [50].

The polarisation of the decays By — ¢¢ and B, — K**K* is also of great topical interest,
due to the so-called “polarisation puzzle”, i.e. the unexpectedly large transverse polarisation
observed in B — ¢K* and B — pK* decays (see Ref. [51] for reviews). The polarisation of
By decays to charmless vector-vector final states can be measured to high precision since the
analysis does not require flavour-tagging.

The LHCb upgrade will also improve the precision of several interesting measurements
involving ¢ mesons, such as B® — ¢KY and B® — ¢K*°. The CP violating asymmetry in
®KY can be measured to an accuracy of 0.03 and is expected to be similar to the theoretical
uncertainty.

The LHCb upgrade will also be uniquely capable of making the first detailed analyses of
multibody decays of the B, meson, such as B, — Kgntn~ and By, — KgqK*nT. Together
with the related B and B* channels, analyses of the Dalitz plot distributions provide several
exciting prospects for NP searches [52].

Measurement of the CKM Unitarity Triangle angle ~

Searches for New Physics in C'P violation effects require precise measurements of Standard
Model benchmarks to compare against. Key to this programme is the measurement of the CKM
Unitarity Triangle angle v, which can be determined with negligible theoretical uncertainty
using B — DK decays such as BY — DK™ [53], B® — DK*° [54] and B, — DI K* [55].

At present, 7 is the least well-determined of the three angles of the Unitarity Triangle, and
does not provide any significant constraint in global fits fits to the CKM matrix carried out by
groups such as CKMfitter [5] and UTfit [6]. This situation will change when results become
available from LHCb.
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Figure 2.8: Signals for (left) BT — D" and (right) BT — DK™ seen in ~ 34 pb~" of LHCb data
accumulated in 2010. In both cases the D® — K~z decay is used.
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Figure 2.9: Signals for B, — Dy with (left) Dy — K*K and (right) Dy — ¢ seen in ~ 34 pb™! of
LHCDb data accumulated in 2010.

The signals of B — Dm and B — DK decays already seen by LHCb, shown in Figs. 2.8
and 2.9, illustrate the impact on v that LHCb will make with early data. By combining
measurements from B — DK and B, — DJK®, a sensitivity of 3° is expected with 5 fb™".
However, precision at the level of one degree or below is necessary to avoid limiting the sen-
sitivity of the global CKM fits to New Physics. Specifically, the indirect constraint on v from
the magnitude of the CKM matrix element V,; and the ratio of mass-differences in the neutral
B systems, Amgy/Amy, is expected to reach sub-percent accuracy as more advanced lattice cal-
culations become available [56]. This motivates a concerted effort to provide the best possible
measurement of .

Only the LHCb upgrade will provide the huge statistics needed to reach the precision that
is necessary to remove the Standard Model uncertainty in New Physics searches. Indeed, the
measurement of 7 is ideally suited for LHCb, since it is based largely on analyses (i) that do
not require flavour-tagging, and (ii) that exploit LHCDb’s unique capability to trigger on fully
hadronic decay modes. Due to this second reason, the measurement will benefit greatly from
the improved trigger strategy of the upgraded experiment. With 50 fb™', v will be determined
to better than 1° precision. This will allow to test the consistency of the SM at the percent level.
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Moreover, as discussed in Section 2.1.2, once new sources of C'P violation are established the
measurement of v will be particularly important to disentangle the parameters of the underlying
model.

2.1.4 Rare decays

Measurement of B, — utu~ and B® — pfpu~

One area where the impact of the increased statistical power of the upgraded LHCb experiment
is profound is in rare decays. There are several key modes that offer large discovery potential.
One of the most interesting is the very rare decay B, — pu* . As discussed in Section 2.1.2, this
flavour-changing neutral current is heavily suppressed in the SM, and is highly sensitive to New
Physics [57]. In particular, in the CMSSM at large tan 3, the branching fraction B(By — put ™)
increases as tan® 3, where tan 3 is the ratio of Higgs vacuum expectation values, and depends
on the gaugino mass, m,, and the trilinear soft supersymmetry-breaking parameter A,. The
predictions of Ellis et al. [58] are shown in Fig. 2.10. The measurement of this branching fraction
provides one of the strongest constraints on the parameters of this model at high tan 3.
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Figure 2.10: Predictions for B(Bs — u* ™) as a function of the gaugino mass m, /2 for selected values
of tan 8 and the Ay mass. From Ref. [58].

LHCb has reported a search for B, — puu~ using about 40 fb~! collected in 2010 [59]. No
signal is found, and an upper limit is set at the 90% C.L. of 43 x 107Y. This is already very
similar to the corresponding limits placed by the Tevatron experiments, which are 36 x 107 [60]
and 42 x 1072 [61], obtained by CDF and D0 with 3.7 fb~! and 6.1 fb~! respectively.

The sensitivity of the first LHCb result agrees with the expectations from the Monte Carlo,
and gives confidence for the future of this search over the coming years. The discovery potential
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Figure 2.11: Discovery potential of LHCb to B(Bs — utu™) as a function of integrated luminosity
for 14 TeV centre-of-mass energy collisions. The upper (lower) curve shows the data sample necessary
to discover the decay with 5 (3) o significance.

of LHCD is shown in Fig. 2.11 as a function of integrated luminosity. The figure is made
assuming a centre-of-mass energy of 14 TeV.
A preliminary result is obtained with ~ 300 pb™' of LHCb data accumulated in 2011 [62]

BR(B, — pp) < 1.6 x 107% 95% CL, (2.6)

BR(Byq — pjt) < 5.1 x 1072 95% CL . (2.7)

Although the sensitivity of the Tevatron experiments has been surpassed, a 5o discovery will
require several years of operation if B(Bs — utu~) is at the SM level, or below. (it is also
worth drawing attention to the possibility that in several NP models, in particular those with a
Higgs singlet, the branching ratio may indeed be suppressed with respect to the SM value [63].)

Whether or not the decay is observed in early LHC data, further improvement will be neces-
sary in the knowledge of its branching fraction. It is important to note that the measurement is
expected to be statistically limited. Until recently the knowledge of the ratio of fragmentation
fractions, fs/ fq4, was thought to provide a limiting factor. However, LHCb has already measured
this ratio with semileptonic decays to 10% accuracy [64], and further improvement will occur.
Alternative methods to measure f;/fs using hadronic decays have also been proposed [65].

With a 50 fb~! data sample the upgraded LHCb experiment would be able to measure the
branching ratio B(Bs — p*p™) to about 8% precision if it is at the SM level. This will provide
unique insights into the flavour properties of NP, and will put very stringent constraints on
SUSY models in the large tan 8 regime. In the ideal scenario that SUSY particles are discovered
at ATLAS and CMS, the combination of their results with those from the LHCb upgrade will
allow the best constraints on the parameter space.

As soon as By — ptpu~ is observed for the first time, attention will turn to its sister channel,
B® — p*tp~. As discussed in Section 2.1.2, the correlation between the branching fractions
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of these two channels is extremely useful to distinguish between different NP models, and is
essential to confirm or rule out the MFV hypothesis [66]. The B° decay is both much rarer than
the B, decay, and suffers from a larger background from pion misidentification and decay-in-
flight, since the branching fraction for B® — w77~ (5 x 107 [45]) is much larger than that for
B, — 71~ (< 1.2x 107 [67]). Therefore the full statistics of the upgraded LHCb experiment,
together with excellent control of this background, will be necessary to measure the BY — i~
decay.

Analysis of B® - K*°u*u~ and related decays

Exclusive decays of the type Hy, — H,u"p~, where Hy is a b-flavoured hadron and Hj is a
hadronic system containing an s quark produced in a b — s flavour-changing neutral current
transition as well as the spectator quark(s) from H,, have a high sensitivity to New Physics.
Many of these can be reconstructed in large quantities at LHCb: the archetypal channel in
this category is B® — K*%uTu~, but other decays such as Bt — K u*tu~, BT — K utu~,
B — K%t =, B, — ¢utp~ and Ay, — A®putpu~ will be available in large quantities at the
upgraded LHCDb experiment, and provide complementary New Physics sensitivity.

One of the characteristic features of the B — K*°uTu~ decay is the forward-backward
asymmetry in the angular distribution of the muons in the dimuon rest-frame (relative to
the BY direction) as a function of the dimuon invariant mass, ¢>. This asymmetry arises
as a consequence of interference between the contributing electroweak diagrams, and can be
expressed in terms of the Wilson coefficients Cr.,, Cy and Co (see Ref. [4] for a review). Since
the relative amplitudes of the interfering diagrams vary as a function of ¢2, there is a point
at which the forward-backward asymmetry crosses zero, usually denoted ¢*> = so. Due to a
cancellation of hadronic uncertainties, the value of sqy is cleanly predicted in the SM to be
so = (4.367033) GeV? [68]. First measurements of the differential distributions have been
made by the B-factories and CDF, with results providing an exciting hint of a deviation from
the SM prediction [69].

One of the main objectives of the first phase of LHCb data taking is a precise measurement
of the forward-backward asymmetry in B® — K*°" ;= decays. LHCb expects to collect 2100
B® — K*u* = decays per 1 fb™! at /s = 14 TeV, allowing sy to be measured with precision
comparable to the theory error after a few years of data-taking [11]. If large NP effects are
present, as hinted at by the current measurements, LHCb will measure a deviation from the
SM prediction with high significance. Whether or not NP effects manifest themselves in the
early data, it will be necessary to perform higher statistics studies in order to exploit the full
sensitivity of these decays. The results of an angular analysis of this process using ~ 309 pb™!
of LHCDb data accumulated in 2011 is shown in Fig. 2.12, and is the most sensitive measurement
of the forward-backward asymmetry [70].

The B® — K*°u* = decay provides extremely rich phenomenology due to the many different
kinematic observables that can be studied. In addition to the forward-backward asymmetry,
one particularly interesting observable is the transversity asymmetry Ag? ) that can distinguish
between different New Physics models [72, 73]. Ag?) is highly sensitive to new right-handed
currents to which the forward-backward asymmetry is blind. In the theoretically favoured
region, 1 GeV? < ¢®> < 6 GeV?, the resolution in Ag) is estimated at 0.14 with 5 fb~! of

integrated luminosity [73]. This is illustrated in Fig. 2.13 where we show Ag?) versus ¢ for
the SM and a NP model as well as the experimental sensitivity. It is clear that a larger data
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Figure 2.12: App as a function of ¢2 in the six Belle ¢ bins. The theory predictions are described
from Ref. [71].
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Figure 2.13: (Left) Ag? ) in the SM in green and with NP in blue. The inner line corresponds to the
central value of each curve. The dark orange bands surrounding it are the NLO results and the external
dark green/blue bands correspond to a 10% correction for each spin amplitude. (Right) expected
experimental sensitivity, assuming the SM central values. The inner and outer bands correspond to
1o and 20 statistical errors with a yield corresponding to a 10 fb~! data set from LHCb.

sample will be necessary in order to probe the full parameter space. These measurements can
only be performed at the upgraded LHCb experiment, since no other experiment can reach the
necessary level of statistics.

Among related modes, several provide interesting complementary NP searches. The forward-
backward asymmetry in Bt — Ktpu®p~ is zero in the SM, but can take different values in
models with new scalar or pseudoscalar couplings to the leptons [74]. It is also of interest to
study the ratio Rx = B(BT — KteTe™)/B(Bt — K u*p™), which is equal to unity to good
accuracy in the SM, and can be affected by NP [75]. Signals for the BT — K*u*Tu~ decay
have already been seen by LHCb, as shown in Fig. 2.14. Similarly, the BT — K u*pu~ and
B — K3°u* i~ decays provide means to search for NP effects when the meson in the final state
is an axial-vector or a tensor, respectively. Similarly, the baryons involved in A, — A®™put =
provide another handle on potential NP amplitudes. The unique feature of By — ¢u™pu~ is
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Figure 2.14: Signal for B* — K*utpu~ seen in ~ 37 pb~! of LHCb data.

that it allows C'P violation in interference between mixing and decay amplitudes to be probed.
The upgraded LHCb experiment has unsurpassed potential for all of these analyses.

Measurement of photon polarisation in exclusive b — s7*) decays

Since b — s7v is a theoretically clean flavour changing neutral current transition, decays medi-
ated by this amplitude are highly sensitive to NP. (We include here the K*ete™ final state.)
One particularly interesting feature of this system is that in the SM, the emitted photon is
highly polarised. However, this is not the case in extensions of the SM that introduce new
right-handed currents. It is therefore of great importance to measure the emitted photon po-
larisation, which is an experimental challenge.

One particularly promising approach is to study the time-dependent decay distribution of
Bs — ¢y [76]. The key feature of the analysis is that if the emitted photons are polarised,
there is no interference between B, and B, decays (since the final states are, in principle,
distinguishable). However, if the photons are not fully polarised, C'P violation effects can
occur at rates that depend on the level of polarisation as well as on the weak phase. Two
particularly attractive features of the analysis of By — ¢y, compared to similar measurements
in the B system, are that (i) the ¢ — K™K~ decay provides a clean signature, with the tracks
originating from the By vertex; (ii) the sizable By width difference allows the measurement
of both Sy, and AZ!" (defined in Eq. 2.1) [77]. These are proportional to sin2¢ sin 26, and
sin 2¢) cos 23 respectively, where tan v describes the polarisation (tan = 0 for fully polarised
decays). Hence the polarisation can be measured even if the weak phase 2/, is small, as in the
SM.

LHCD expects a yield of 5.5k B, — ¢y events in 1 fb~! of data with a background to signal
ratio < 0.6 — 0.9 at 90% C.L. [11]. The related decay B — K*° has already been seen in
LHCb data, as shown in Fig. 2.15. The data from the first phase of LHCb operation will allow
the photon polarisation to be measured to about 0.10. This will be a significant improvement
on the existing measurements by the B-factories using B® — Kgm%v [45], but will still leave a
large region of phase space unexplored. The analysis will benefit maximally from the flexible
software trigger of the LHCb upgrade, allowing data samples of over 40,000 B; — ¢~ decays to
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Figure 2.15: Signal for B — K*0y seen in ~ 26 pb~! of LHCb data.

be collected per year. With 50 fb~! of data, the sensitivity to the photon polarisation will be
improved to the percent level, and will probe the theoretically most interesting region of phase
space.

Other approaches to determine the photon polarisation are also under study. The decay
B® — K*%Te™ at low values of the dilepton invariant mass-squared (either via virtual photons
or by real photons converting in detector material) can be used [78]. Another approach uses
analysis of the multibody final state in BT — K{"y — KTr 7~ [79]. A similar analysis of
Bt — ¢K T decays has also been proposed [80]. All of these analyses are well-suited for the
upgraded LHCb experiment.

Rare hadronic B decays

Finally, it is worth noting that there are several rare hadronic B decays that are of considerable
theoretical interest, for which only the LHCb upgrade will provide sufficient statistics to allow
useful measurements. For example, pure annihilation decays such as Bt — DT K*? and BT —
D¢ could be observed at their SM branching fractions with the LHCb upgrade [81]. These
observations would provide unique insight into the dynamics of hadronic B decays.

Similarly, the isospin violating decays By — ¢p° and By — ¢m° provide a clean handle on
electroweak penguin decays [82]. The branching fractions for these decays are O(1077) in the
SM, but can be significantly modified in various NP scenarios, for example those with extended
gauge sectors (i.e. with a Z’ boson). These decays can only be studied at LHCb, and require
the flexible software trigger of the upgraded experiment.

On the other hand, the decays BT — KT K*n~ and B™ — K~ 77" are negligibly small in
the SM, but can be enhanced by NP to observable levels. These rare decays are complementary
to B® and B, oscillations in providing sensitivity to NP at very high energies [83].

2.1.5 Charm physics

The study of charm is an essential component in the flavour physics programme. The extremely
small level of C'P violation expected in charm mixing and in decays offers the opportunity for
very sensitive null tests of the CKM picture to be performed. Many New Physics models
predict significant enhancement in these quantities, as well as distinctive correlations between
observables in the charm sector and those accessible in the B system [84]. Charm therefore is
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Figure 2.16: The DY mass and D** — DY mass distributions for D** — D%+ D? — K*K~ events
(plus charge conjugate) for 21 pb~! of 2010 LHCb data.

a laboratory in which New Physics can both be discovered, and its nature characterised.

Outstanding charm physics will be performed with the present LHCb detector. Already with
the 37 pb~! of data collected during the 2010 run the experiment has accumulated samples of
D® — h*h™ decays of similar size to those of the B-factories. These samples are of high purity,
as can be seen in Fig. 2.16 for the example mode D** — D%+ D° — KTK~. The yields in
higher multiplicity modes are however significantly lower, due to the constraints of enforcing a
pr requirement at the earliest trigger level, with a threshold that is tuned to the needs of B
physics. The full software-based trigger strategy of the upgraded detector, however, will allow
decays of all topologies to be selected with high efficiency.

The upgraded detector will accumulate yields of D decays that are two-to-three orders of
magnitude larger than those collected at BABAR and Belle. These enormous samples will
allow for a dramatic improvement in sensitivity to the mixing-related C'P-violating parame-
ters ¢p and (|¢/p|p — 1) which are currently measured to be —0.18 +0.16 and —0.10 £ 0.18
respectively [45]. Similar improvements will also come in the search for direct C'P-violating
effects, which are final state specific, and are most promisingly searched for in singly-Cabibbo
suppressed decays [85]. In such modes Standard Model C'P-violation may occur at the 1073
level, whereas the statistical precision of the LHCb measurements will be 10~*. Therefore it
will be essential to study these effects across a wide range of decays in order to categorise the
underlying physics.

There are good reasons to believe that the enormous statistical power of the upgraded
experiment can be complemented by the necessary control of systematic uncertainties. In time-
dependent analyses the excellent resolution of the detector will contribute negligible uncertainty,
in contrast to the situation at e™e™ machines. The backgrounds lying under the signal peaks are
already known to be low, and can be understood from side-band studies. Since biases such as
detection asymmetries can be measured from data, it can be assumed that the understanding
of these effects will improve in step with the increased statistical precision. Finally, many
analyses can be pursued which are intrinsically robust against both experimental and theoretical
uncertainty. A few examples are listed below.

e The observable Ar, which is the lifetime asymmetry between D° — K*K~ and D’ =
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K+ K~ decays, probes C'P-violation in mixing-related phenomena, and is not biased at
first-order by any acceptance effects.

e The difference in the raw time-integrated CP-asymmetry between D° — K+K~ and
DY — 7wt~ provides a probe of direct C'P-violation that has no systematic uncertainty
arising from production or detection efficiencies.

e Dalitz plot analyses provide a sensitive and systematically robust way both to search
for and measure C'P-violating effects. Direct C'P violation can be probed for in singly-
Cabibbo suppressed decays, such as D¥ — KTK 7" in a model independent manner [86],
and exploiting Cabibbo-favoured modes such as Dy, - K™K 7" and D™ — K n"n~
for systematic control. In four-body modes such as D° — K*K~-nt7n~ measurements
exploiting T-odd correlations [87] are also model independent and experimentally robust.

e Similarly the C' P-violating parameters ¢p and (|q¢/p|p — 1) can be measured from a time-
dependent analysis in D° — K3hTh™ decays in a model independent binned fit [88],
making use of strong-phase measurements that already exist from CLEO-c¢ [89] and will
be further improved at BES-III.

The upgraded detector will also allow for improved sensitivity to important rare charm de-
cays. The present experimental upper limit on the branching ratio for D® — p = is 1.4 x 1077
at the 90% C.L. [90], still six orders of magnitude above the Standard Model prediction [91].
Significant enhancements to this decay may come about through R-parity violating supersym-
metry [91] or the contribution of leptoquarks [92]. Similar possibilities exist with the lepton-
flavour violating decay D° — e*uT. These super-rare or forbidden modes will be searched for
with a sensitivity far in excess of that achievable at present facilities. Other less suppressed de-
cays such as D° — pu™p~ and DT — 77T~ may possibly be first observed with the existing
detector. However the high statistics that the upgraded experiment will accumulate will allow
kinematic distributions to be mapped out in detail, such as the lepton forward-backward asym-
metry and the invariant mass spectrum of the dimuon pair, which are powerful discriminants
between the Standard Model and New Physics [91].

2.2 Lepton Flavour Physics

One of the most promising frontiers to explore in the hunt for NP is that of flavour violating
phenomena in the lepton sector. Neutrino oscillations are now an established experimental
fact, but the very low mass scale of neutrinos remains to be understood. NP models predict
the existence of flavour-violating charged lepton decays, but no such decays have so yet been
observed. The upgraded LHCb detector can make significant contributions to these studies,
through the search for heavy Majorana neutrinos and lepton flavour-violating 7= decays.

2.2.1 Searches for ~ 1 GeV Majorana neutrinos

The existence of heavy Majorana neutrinos is a natural occurrence in a wide range of models,
from left-right symmetric gauge theories [93], to those with extra dimensions [94]. In most
models it is quite possible for these particles to exist in the ~ 1 GeV/c? mass range. One
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Figure 2.17: Constraints on the sterile-to-active neutrino mixing angle squared, U2, and on the
sterile neutrino lifetime, 7y. These come from the baryon asymmetry of the Universe (solid lines);
from the see-saw formula (dotted line); and from requiring Big Bang nucleosynthesis (dotted line).
These constraints are shown for the case of an inverted hierarchy in the active neutrino sector. The
regions excluded by direct experimental searches are indicated by the blue dashed lines [101,102]. The
pink and red curves indicate the expected sensitivity of the proposed LBNE detector at FNAL in two
possible configurations.

interesting example is the “Neutrino Minimal SM” (¢vMSM) [95], in which such a scenario is
indeed preferred. Majorana neutrinos of mass ~ 1 GeV/c? can be searched for in decays of D
and B mesons, and constitute an exciting physics goal for an upgraded LHCb experiment.

In the YMSM three Majorana singlet fermions are added to the SM particles. The lightest
of the three new leptons is expected to have a mass of 1-50 keV/c? and would form a viable
dark matter candidate. The two other neutral fermions, which are essentially heavier, sterile
neutrinos, can give masses to the SM neutrinos via the see-saw mechanism at the electroweak
scale. They would also play a key role in generating the baryon asymmetry of the universe (for
a review see [96]). Thus the YMSM is able to explain three known deficiencies of the SM (dark
matter, the baryon asymmetry of the universe and the problem of neutrino mass), and has the
further appealing feature that every left-handed fermion then has a right-handed counterpart.
The masses of these heavy sterile neutrinos and their coupling to ordinary leptons are con-
strained by direct searches at particle physics experiments and, importantly, by cosmological
considerations, as shown in Fig. 2.17. The requirement that baryogenesis occurs necessitates
that the masses of the heavier two neutrinos be almost degenerate and O(1) GeV /c? [97].

A powerful approach to searching for ~ 1 GeV/c? Majorana neutrinos is in the decay of
heavy flavours [98-100]. Two main strategies exist that are accessible to LHCb:

1. Direct search: looking for long lived neutrinos produced in the decay of D and B
mesons;

2. Indirect search: looking for production of same-sign charged leptons in D, B and 7
decays.

Both of these methods are well suited to the upgraded experiment, the former on account of the
benefits that a fully software trigger will bring to the search, the latter because of the very large
data samples that will be accumulated, allowing for very low branching ratios to be accessed.

Direct search Sterile neutrinos could be produced in the weak decays of charm and beauty
hadrons, in which mixing occurs between the SM neutrinos and the new particles. Relevant
examples of two- and three-body decays are shown in Fig. 2.18. The presence of the massive
sterile neutrinos in the decay eliminates the chirality suppression that would otherwise be
present. Interesting branching ratios therefore start at the level of 1077 (see [100, 102] for
details). Since such sterile neutrinos would be very weakly interacting, they would cover a
relatively large distance before decaying, but as long as ~ 10~% or more of decays occur within
0.5 m of the production point, this signature would be observable with the upgraded experiment,
where the software trigger would provide excellent efficiency for the long lifetime and distinctive
topology. Charm decays would provide higher sensitivity for lower mass neutrinos.
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Figure 2.18: Left: Feynman diagrams of charm meson decays producing heavy sterile neutrinos.
Right: Feynman diagrams of sterile neutrino decays.

Indirect search Heavy sterile neutrinos could also be probed by searching for resonant con-
tributions to lepton number violating processes such as DT — 7F(£¢* or B* — 7 F(*(* [98,99],
as indicated in Fig. 2.19. Here the heavy quark annihilates with the spectator antiquark to

Figure 2.19: The Feynman diagram for meson decay via a lepton number violating process involving
Majorana neutrinos. From Ref. [98].

produce a virtual W that can form a lepton-neutrino pair. Assuming so far only SM neutrinos,
this process has been used to measure decay constants in such processes as DY — p*v or con-
strain CKM elements and charged Higgs contributions in the decay B~ — 7~ v. If, however,
the neutrino is Majorana, it can mix into a heavier neutrino that can decay into the same sign
W as it was produced in association with, and the W can transform into a like-sign lepton
and a hadron, as indicated in the figure. (In this figure and Fig. 2.20 N, indicates a fourth
Majorana neutrino with mass my at the GeV scale.) Looking for such a signature is analogous
to laboratory based experiments which search for neutrino-less double S-decay.

The branching ratio of such decays is suppressed by the mixing between the light flavour
and heavy neutrinos, V. In the sterile neutrino mass range of O(1) GeV/c?* accessible with B
decays, strong constraints on V. are imposed by the non-observation of neutrino-less double
beta decay (|V.n|?> < 1077). Searches for the decay products of heavy sterile neutrinos at LEP
constrain the equivalent mixing angle for muons, V,x, to be |V,n|> < 107*. This could give
branching ratios for decays such as B* — 7T u*u* at the level of 1078 — 10~ which would be
accessible at an upgraded LHCb. Other beauty and charm hadron decays can be included in
the search. A particularly attractive choice is the mode B* — DT u*u* where the backgrounds
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Figure 2.20: Existing bounds on |V,4|? versus my from meson data, from Ref. [98].

are expected to be very low, allowing the statistical power of the upgraded experiment to be
fully exploited. Existing bounds in coupling-mass space from heavy flavour decays are shown
in Fig. 2.20.

2.2.2 Lepton flavour-violating 7~ decays

No lepton flavour-violating tau or muon decay has yet been observed. Such decays are forbidden
in the classical SM, are vanishingly small in the SM extended to include neutrino mixing, but
can be enhanced up to observable values in many NP models. The LHC is a prolific source of 7
leptons, with an expected production cross-section of ~ 0.1 mb at /s = 14 TeV. The majority
of produced 7 leptons come from the decay of Dy mesons and B hadrons. The LHCb upgrade
will use this sample to search for lepton flavour violating decays to charged track final states.

The current 90% C.L. upper limits from the B-factories on branching ratios for the channels
77 = pFy and 77 — pFutp are at 4.4 x 107% and 2.1 x 1078 [103]. In supersymmetric
extensions of the SM, e.g. in the so-called constrained MSSM, lepton flavour violation in 7
decays is predicted at a level of 107 for 77 — ¥+ and at 1071 to 1072 for 77 — pFputp~
and 77 — pFeTe™ [104]. In other models, such as the so-called Non Universal Higgs Masses
(NUHM) SUSY scenario, or the MSSM with R-parity violation and the Little Higgs Models
with T parity (LHT) or Z’ models with non-vanishing LF'V couplings, the rate of 7% — uFp*p~
can be enhanced to the extent that it matches or even exceeds 77 — p¥y [105].

Sensitivity studies for 77 — pFputp~ are ongoing. With the existing analysis strategy
LHCb will be able to match the B-factory sensitivity with a few fb™'. The very large inte-
grated luminosity that will be collected by the upgraded experiment will provide a sensitivity
corresponding to an upper limit of the order of 107, Searches will also be conducted in modes
such as 77 — pT¢ where the existing limits are much weaker, and very low contamination is
expected in the LHCb sample.

Finally, searches will be performed for decays such as 7% — p¥Thihs (h; = 7, K). The
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physics interest of these topologies is identical to those meson decays discussed in Sec. 2.2.1.
The best limit obtained from the B-factories is 3.7 x 1078 for the mode 7F — pEa¥7T [106].
The upgraded LHCD experiments will be able to attain an order of magnitude higher sensitivity.

2.3 Physics Beyond Flavour

An upgraded LHCb has the potential to make important contributions to non-flavour physics.
The forward-acceptance, flexible software trigger, powerful vertexing and particle identification
capabilities provide the experiment with the opportunity to perform very significant measure-
ments in topics far beyond the core programme, and high sensitivity in certain direct particle
searches. A few illustrative examples are now given, selected from the diverse areas of elec-
troweak physics, exotic searches, and QCD.

2.3.1 Electroweak physics

Two of the most important quantities in electroweak physics are the sine of the effective elec-
troweak mixing angle for leptons, sin? Gg’t, and the mass of the W-boson, my,. Until the ILC
or CLIC is operational, responsibility for improving our knowledge of these parameters rests
with the LHC. Thanks to its unique forward coverage, an upgraded LHCb can make critical
contributions to this programme.

The value of sin? Gi?t can be extracted from Apg, the forward-backward asymmetry of
leptons produced in Z decays. The raw value of Arg at the LHC is about five times larger than
at an ete” collider and so, in principle, it can be measured with a better relative precision,
given equal amounts of data. The measurement however requires knowledge of the direction
of the matter and antimatter partons that created the Z boson, and any uncertainty in this
quantity results in a dilution of the observed value of Apg. This dilution is very significant in
the central region, as there is an approximately equal probability for each proton to contain
the quark or anti-quark that is involved in the creation of the Z, leading to an ambiguity in the
definition of the axis required in the measurement. However, the more forward the Z boson is
produced, the more likely it is that it follows the quark direction; above rapidities y > 3, the
Z follows the quark direction around 95% of the time. Furthermore, in the forward region, the
partonic collisions that produce the Z are nearly always between u-valence and u-sea quark or
d-valence and d-sea quark. The s5 contribution, with a less well known parton density function
(PDF), is smaller than in the central region.

Consequently, the forward region is the optimum environment in which to measure App at
the LHC. Preliminary studies have shown that with a 50 fb~! data sample collected by the LHCb
upgrade, Apg could be measured with a statistical precision of around 0.0004. This would give
an uncertainty on sin’ ., of better than 0.0001, which is a significant improvement in precision
on the current world average value. It is also worth remarking that the two most precise values
entering this world average at present, the forward-backward bb asymmetry measured at LEP
(sin? 0% = 0.232214-0.00029), and the left-right asymmetries measured at SLD with polarised
beams (sin? 05°* = 0.23098 =+ 0.00026), exhibit a three-sigma discrepancy [107]. LHCb will be
able to clarify this unsatisfactory situation.
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Figure 2.21: LHCbD preliminary Z and W results for 16 pb~! at /s = 7 TeV. Left: Z — utpu~ peak.
Right: W* — W™ production asymmetry, where the points with error bars are the data and the boxes
are the theoretical predictions with their uncertainties (only indicated within the LHCb acceptance).

More work is needed to identify the important systematic uncertainties on the Arg measure-
ment. One source of error is the uncertainty in the PDFs. With current knowledge this contri-
bution would lead to an uncertainty of almost double the statistical precision estimated above,
but this will reduce when the differential cross-section measurements of the W and Z bosons
and Drell-Yan lower mass dimuon production measured at the LHC are included in the PDF
global fits. LHCDb has already embarked on this measurement programme. Figure 2.21 (left)
shows the Z — utp~ peak obtained with 16 pb™! of data. Figure 2.21 (right) shows the
measured asymmetry between W1 and W~ production as a function of lepton pseudorapidity.
This measurement is already approaching the accuracy of the theoretical uncertainties. The
range of the ATLAS and CMS experiments only extends up to lepton pseudorapidities of 2.5.

Decreasing the uncertainty on myy from its present error of 23 MeV/c?, (which may be
reduced further at the Tevatron) is one of the most challenging tasks at the LHC. Although no
studies have yet been made of determining my, with LHCD itself, it is evident that the exper-
iment can give important input to the measurements being made at ATLAS and CMS [108].
A significant and potentially limiting external uncertainty on my, will again come from the
knowledge of the PDF's, and several commentators consider the existing projections to be opti-
mistic [109]. The PDFs are less constrained in the kinematical range accessible to LHCb, and
high statistics, precise measurements of W+, W~ Z and low-mass Drell-Yan production in this
region, in particular the shapes of the differential cross-sections, can be used to improve the
global picture. One specific area of concern arises from the knowledge of the heavy quarks in the
proton. Around 20 — 30% of W production in the central region is expected to involve s and ¢
quarks, making the understanding of this component very important for the my, measurement.
LHCDb can make a unique contribution to improving the knowledge of the heavy-quark PDFs
by tagging the relatively low-pr final-state quarks produced in processes such as gs — We,
gc— Zc, gb — Zb, gc — yc and gb — ~b.
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2.3.2 Exotics

A major goal of experiments at the LHC is to solve the so-called “hierarchy problem”: why
is the mass of the Higgs boson at the sub-TeV scale, instead of being at the Planck scale,
driven there by radiative corrections? Different theoretical paradigms have been proposed, the
most discussed being Supersymmetry. There are, however, many other ideas including Extra
Dimensions (large, warped, Higgs-less), Technicolour and Little Higgs. These models focus on
a strong dynamics type of solution to the problem [110].

A common feature of many such models is the prediction of new states at the TeV scale. In
recent years there have been many proposals including Z’, 4th quark generation, Leptoquarks,
Hidden Valleys, etc. The latter class of models contains low mass states in a new sector with
its own quantum number. This new sector is termed the “Hidden Valley”, as it lies beyond the
energy reach of present experiments. The light states in these hidden sector(s) are connected
to the Standard Model sector via massive particles such as the Higgs boson, Supersymmetry
sparticles or Kaluza-Klein states of Extra Dimensions. The Hidden Valley class of models is
illustrated in Fig. 2.22 where they are labelled “The dark valley Universe” for their possible
dark matter content. These models are a very general consequence of string theories [111].

Many proposals exist for the new physics that lies in the hidden valley. A large fraction
of these these models predicts the production at the LHC of new particles with long lifetimes,
which may decay into b-quark jets. These signatures are well suited to LHCb, and in particular
the upgraded experiment, which will be able to select events with displaced vertices in the
trigger.

Hidden valley particles, or “v-flavoured hadrons”, can be produced directly via, for example,
a Z'. The details of the decay depend on the properties of the hadrons. In one specific model
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Figure 2.22: An overview of Hidden Valleys. The peaks show possible massive states that could
connect the Hidden Sector to Standard Model particles (from Ref. [110]). While the hidden sector is
SM neutral, the connector sector is charged under both the SM and the hidden sector.
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Figure 2.23: Production of electrically neutral v-flavored hadrons, m,, and their decay. (Taken
from [112].)

[112], the v-sector contains two new heavy quarks the U and C'. These can combine, in the case
where they are close in mass to form either v-isospin 1 hadrons, denoted as either 7 for v = +1
or 70 for v = 0. All these particles are electrically neutral but the 7 hadrons carry ‘v-charge’,
are stable and constitute dark matter candidates. The ‘neutral’ member of the isotriplet, the
70, can decay into ordinary particles. If the mass of the spinless 70 is below ZZ threshold it
will decay dominantly into bb pairs due to helicity conservation. Then, as shown in Fig. 2.23,
many such v particles can be produced in a single event.

The manifestations of such models are many. Here, by way of example, we discuss a possible
scenario in which LHCb would observe the Higgs boson through its coupling to Hidden Valley
particles. In Strassler and Zurick [113] it is suggested that the Higgs could decay with a

significant branching fraction as follows
H® — 770, (2.8)

with each 70 — bb as illustrated in Fig. 2.24. Here the 70 widths are determined by their
lifetime which could be very long, resulting in narrow states. The final state would consist of
four b-jets. If these decays exist, then the lower limit on the Higgs mass set by LEP may be

misleading, as it assumes the prompt decay of the Higgs to bb to be dominant.

ﬂmm<b
Ty z' b

Figure 2.24: Decay of a Higgs via a scalar field ¢ into two 70 particles, with 70 charge equal to zero,
that subsequently decay into bb jets. (Taken from [113].)

To investigate the potential of LHCDb to search for these exotic Higgs decays a simulation
has been performed, assuming an average of 0.4 interactions per crossing, basing the trigger
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and subsequent analyses on the following set of cuts: (1) consider events with at least two
reconstructed secondary vertices; (2) use only charged tracks from a jet that are consistent
with coming from a secondary vertex; (3) require that the two dijet masses should be equal
within 30. The invariant jet masses are computed for events passing this selection.
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Figure 2.25: Results of signal simulation of the process H — n0n0, 70 — bb. Left: Reconstructed
dijet invariant mass. Right: the mass of both dijets, that peaks at the putative Higgs mass; here two
equal dijet masses are required. The input masses to the simulation are 35 GeV/c? for the 70 and
120 GeV/c? for the Higgs.

In Fig. 2.25 the distributions are shown for both the invariant mass of the dijets (left), and
for the four-jet invariant mass (right) for those combinations where the dijet masses are very
similar (right). The input parameters for the simulation are 7,0 = 10 ps, mg = 35 GeV/c?
and a Higgs mass of 120 GeV/c?. No generator information has been used in the analysis or
reconstruction. For both the dijet and four-jet reconstruction peaks are evident close to the
correct mass. It will be possible to improve further by refining the jet definition and calibration,
and by imposing constraints, for example that the masses of the two 70 candidates be equal.

Assuming a Higgs production cross-section at 14 TeV of 50 pb, an integrated luminosity of
50 fb~! and a geometric efficiency of 10%, 250,000 Higgs bosons will be produced in LHCb. If
H® — 7979 is a dominant decay mode, then LHCb will be in an excellent position to observe
this signal, taking advantage of the software trigger’s ability to select high multiplicity events
with good efficiency. Backgrounds to this signal from other processes, such as the production
of two pairs of bb quarks, have been considered and found to be negligible.

Long-lived particles, which would give rise to secondary vertices that would be a suitable
signature for the trigger of the upgraded experiment, are found in many Supersymmetric theo-
ries. Examples include the bilinear R-parity violating SUSY models of de Campos et al. [114]
that predict long-lived SUSY particles such as neutralinos decaying into W + lepton, or Z +
v, or bb+ v, and the proposal of Carpenter et al. [115], in which the Higgs dominantly decays
to a pair of long-lived neutralinos, each of which subsequently decays to three quark jets.
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Figure 2.26: Preliminary LHCb results on central exclusive . production. Also shown is the
expectation of the SuperCHIC Monte Carlo [119], which has been normalised to the number events
observed in the data. The relative proportions of X0, Xe1 and .2 in the Monte Carlo are 52%, 36%
and 12% respectively in the left plot, and 12%, 36% and 52% respectively in the right plot. (The data
points are the same.)

2.3.3 Central exclusive production

Central exclusive production (CEP) processes provide a promising and novel way to study QCD
and the nature of new particles, from low mass glueball candidates up to the Higgs boson itself.
The CEP of an object X in a pp(p) collider may be written as follows

pp(p) = p + X + p(p),

where the + signs denote the presence of a large rapidity gap. At high energies the ¢-channel
exchanges giving rise to these processes can only be zero-charge colour singlets. Known ex-
changes include the photon and the Pomeron. Another possibility, allowed in QCD, but not
yet observed, is the Odderon, a negative C-parity partner to the Pomeron with at least three
gluons. The most attractive aspect of CEP reactions is that they offer a very clean environment
in which to measure the nature and quantum numbers of the centrally produced state X.

Central exclusive vy [116], dijet [117] and y. [118] production has been observed at the
Tevatron. Already in the 2010 run LHCb has collected candidate dimuon events compatible
with CEP. In Fig. 2.26 the invariant mass of CEP x. candidates is shown. These are events
in which only a J/v — u*p~ decay and v candidate are reconstructed, with no other activity
(inconsistent with noise) seen elsewhere in the detector. An important observable in CEP is
the relative production rates of x., Xc1 and xe. As is evident from Fig. 2.26, the invariant
mass resolution of LHCD is sufficient for this measurement to be made.

These early results make clear the promise of CEP measurements at LHCb. Additional
instrumentation can be considered which will help in these studies, should results with the
current detector prove interesting. For example, the inclusion of Forward Shower Counters
(FSCs) on both sides of the interaction point [120], would be able to detect showers from very
forward particles interacting in the beam pipe and surrounding material. The absence of a
shower would indicate a rapidity gap and be helpful in increasing the purity of a CEP sample.
The deployment of semiconductor detectors very close to the beam within Roman pots, several
100 m away from the interaction point, as proposed for ATLAS and CMS [121] could also be
beneficial for LHCb. Several important physics goals may already by identified for the LHCb
CEP programme:



2.3. PHYSICS BEYOND FLAVOUR 39

LHCb Event Display
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Figure 2.27: Event display in the VELO region of candidate CEP J/v¢ — u™pu~ event with pile-
up. The horizontal scale is 1 m, and the vertical scale is around 8.5 times smaller. The sensors are
indicated either side of the beam region, together with the detected hits. Reconstructed tracks are
superimposed. A primary vertex arising from one interaction can be seen, slightly left of centre, from
which most tracks originate. Left of this (upstream), and clearly isolated, is the vertex of two tracks
which form a J/v¢ — ptp~ candidate.

e To accumulate and characterise large samples of exclusive cé and bb events. A full mea-
surement programme of these “standard candles” will be essential to understand better
the QCD mechanism of CEP [122], and may provide vital input if CEP is used for studies
of Higgs and other new particles [123].

e Searches for structure in the mass spectra of decay states such as KTK~, 2xt27~,
KtK 77~ and pp. A particular interest of this study would be the search for glue-
balls, which are a key prediction of QCD.

e Observation and study of exotic particles in CEP processes would be illuminating as to
their nature. For example, a detailed study of the CEP process pp — p + X (3872) + p
would provide a valuable new tool to test the quantum numbers of this state. This and
other states could also be searched for in, for example, decays containing DD, which if
observed would shed light onto the nature of the parent particle [122,124].

There are several reasons which make LHCb a suitable detector for performing such studies,
particularly with the upgraded experiment:

e Even when running at a luminosity of 10?3 cm™2?s™! LHCb will have much less pile-up
than ATLAS or CMS, which will be operating in a much more severe regime. This
will be advantageous in triggering and reconstructing low mass CEP states. Not only
will there still be a significant fraction of CEP interactions produced in isolation, but it
will also prove possible to select CEP interactions in the pile-up environment. This has
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already been demonstrated with the 2010 data, as shown in Fig. 2.27, where a J/1 vertex
can be seen completely separated from, and upstream of, the primary vertex of another
interaction. The software trigger of the upgrade will be used to select such events, not
only containing J/¢ — p*p~ but also two, three and four charged-track CEP decays.

The higher integrated luminosity that will be collected by the upgraded detector will
allow studies to be performed on states that are inaccessible with only a few fb~!. This
is true, for example, of central exclusive x, production, which is expected to be a factor
of ~ 1000 down with respect to that of x. mesons [122].

The particle identification capabilities of the LHCb RICH system allow centrally produced
states to be cleanly separated into decays involving pions, kaons and protons.

The low pr acceptance of LHCb, and high bandwidth trigger, will allow samples of rela-
tively low mass states to be collected and analysed.
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Detector

3.1 Trigger

The current LHCb trigger architecture [13,125] has two levels: Level-0 (LO) is a trigger im-
plemented in hardware while the High Level Trigger (HLT) consists of a software application
which runs on every CPU of the event-filter farm (EFF). The purpose of L0 is to reduce the
rate of crossings with interactions to below a rate at which the HLT can process the events. For
the current detector this maximum rate is determined by the front-end (FE) electronics, and is
1.1 MHz. The FE-electronics will be upgraded to allow reading events at the LHC clock rate. In
principle the upgrade should allow to perform data acquisition and event building on the EFF
at the full rate of 40 MHz. However the upgrade is designed to be able to cope with a staged
DAQ system which cannot yet handle the full rate, occupancy fluctuations which prevent the
full readout, and insufficient CPU power in the EFF. Hence the upgrade will also contain a Low
Level Trigger (LLT), which like L0 should not just pre-scale to a rate acceptable by the DAQ
and EFF, but enrich the selected sample with interesting events. The LLT corresponds closely
to the current L0, but with a tunable output rate higher than the current 1.1 MHz limit.

During the 2010 and 2011 running the trigger performed as expected [126], but needed to
adapt to running conditions which were at times very similar per crossing to those expected
for the upgraded LHCb detector. As a result the HLT [127,128] has evolved significantly from
the implementation described in [125], profiting from the excellent detector performance both
in efficiency and alignment. The HLT is subdivided in two stages HLT1 and HLT2. HLT1
reconstructs particles in the VELO and determines the position of the primary vertices (PV)
in the event. To limit the CPU consumption, a selection of VELO tracks is made based on
their smallest impact parameter (IP) to any PV, and their quality. For these selected VELO
tracks their track-segment in the T-stations are sought to determine their momentum (p), so-
called forward tracking. HLT1 selects events with at least one track which satisfies minimum
requirements in IP, p, pr and track quality. It reduces the rate to a sufficiently low level to
allow forward tracking of all VELO tracks. HLT2 searches for secondary vertices, and applies
decay length and mass cuts to reduce the rate to the level at which the events can be written
to storage.

The trigger for the upgrade is the basically same as the trigger which LHCb has currently
deployed, with the exception of allowing a much larger LLT rate, and correspondingly a much
larger rate to storage. Figure 3.1 gives an overview of the trigger levels of the upgrade, the
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Figure 3.1: Overview of the upgraded LHCD trigger.

components used to select events and the trigger rates. The LLT output rate is expected to
typically be between 5-10 MHz, while the rate to storage will be ~ 20 kHz. The expected
performance of the overall trigger system at a luminosity of 10%* cm™s™! is based on trigger
code which is actually running in LHCb today.

3.2 Electronics

A new electronics architecture is required to satisfy the requirements of reading data from every
bunch-crossing in the upgraded LHCb. The existing architecture, as described in [129], includes
a Level-0 pipeline buffer and derandomiser. These limit the readout speed and hence the trigger
rate to 1 MHz, so any increase beyond 1 MHz requires their removal and a re-design of the
electronics. Many of the challenges of the 40 MHz readout scheme can be met by the use of
modern technologies adapted for high energy physics. For example, high-speed optical links will
be installed to accommodate the increase in data volume from the detector. Data compression
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schemes will be implemented on the detectors to minimise the number of these links. Though
the aim is to eliminate the hardware-based part of the trigger, a throttling mechanism will be
designed to control the data flow into the data acquisition. This throttle can also be enhanced
with physics information in a manner similar to the existing LHCb LO trigger, and is known as
the Low Level Trigger (LLT), as discussed in the previous section.

Although the upgrade will require major changes to the electronics of the detector, a number
of measures will be taken to minimise cost, development time and installation effort, namely:

1. Re-use parts of the existing front-end electronics that can satisfy the upgrade require-
ments;

2. Develop common devices and modules to be used by all sub-detectors;

3. Re-use as much of the existing infrastructure as possible.

This section describes the generic electronics architecture and the parts common to all sub-
detectors. The general architecture is shown in Fig. 3.2. The front-end (FE) amplifies and
shapes the signals generated within the detectors. These signals are digitised, compressed,
formatted and then transmitted down a high-speed optical link. The back-end electronics (BE)
sit in the counting room and receive the data from the optical links. After buffering and filtering
by the LLT, data are formatted for transmission to the data-acquisition system. Data from
the Calorimeter and Muon sub-detectors are extracted via an independent transmission system
to the trigger processors where the LLT is generated. Transmission of trigger information
is through a Timing and Fast Control (TFC) system and takes the form of bunch-crossing
identification numbers for which the LLT gave a positive decision. Configuration and monitoring
of the BE and FE electronics are through an interface to the Experiment Control System (ECS).

Compression of the data is advantageous for cost reasons, although in some regions of certain
detectors the channel occupancy is such that zero-suppression is not economical and will not
be used. Following any compression step, a buffer will absorb statistical fluctuations in the
data size and allow an optimal use of the data band-width provided by the link. However, this
implies that data from different FE modules will arrive asynchronously at the BE modules.
Additional information is therefore attached as a header to the data packets to allow selection
by the LLT and reconstruction of the complete events. This is based on a bunch-counter
within the FE module running synchronously with the LHC clock. If the FE buffer is full, then
data will be truncated until the buffer recovers. However, to maintain synchronicity, empty
data packets containing only header words will still be transmitted. To minimise the risk of
de-synchronisation, resets of the bunch counters will be issued once every orbit of the LHC
machine.

The implementation of zero-suppression or data compression in the FE electronics implies
that detector parameters such as the channel occupancy must be well understood before the
hardware is designed and constructed. The efficiency of the algorithms and the amount of
buffering are currently being tested using data from Monte Carlo simulations of the detector
at the luminosities foreseen for the upgrade.

The hardware and protocol chosen for the links supports bi-directional transmission. How-
ever, the data band-width from the detector far outweighs that for TFC and ECS transmission
to the detector. For this reason and to allow a cost-effective modular approach, it has been
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Figure 3.2: The general electronics architecture of the LHCb upgrade.

chosen to use the link in simplex mode for data transmission, and in duplex mode for combined
TFC and ECS communication.

3.3 Vertex Locator (VELO)

The physics programme of the LHCb upgrade requires an extremely performant vertex detector
with fast pattern recognition capabilities, excellent vertex resolution and two track separation,
and sufficient radiation hardness to guarantee excellent performance throughout the upgrade
data-taking period. In particular, the trigger performance, which relies heavily on the vertex
detector data, must be fast and flexible enough to adapt to the evolving physics needs of the
experiment. The move to a 40 MHz readout necessitates the construction of a new Vertex
Locator (VELO) with appropriate electronics and sufficient radiation hardness. Pixels are an
attractive choice for the upgraded VELO due to the high granularity and the relative ease of
pattern recognition. In order to provide 40 MHz readout, the Timepix chip, from the Medipix
family of chips [130] has been identified as an excellent candidate from which the final pixel
FE electronics, dubbed “VELOPIX” could be developed. The principal challenges of the pixel
module design are to keep the module sufficiently light and to control the power consumption
and cooling to the required levels. The alternative of an upgraded VELO strip detector would
be similar to the current VELO design, but require improved cooling and a new ASIC, with
possible synergies with the Silicon Tracker upgrade silicon option. For more details about the
VELO upgrade see [131].
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3.4 Charged Particle Tracking

The downstream tracking region of LHCb comprises one tracking station (TT) located up-
stream, and three tracking stations (“T-stations”, T1-T3) at the downstream side of the mag-
net. The purpose of these tracking stations is twofold:

1. provide a high precision momentum measurement for charged particles resulting in precise
mass resolutions of unstable particles;

2. measure the track directions of the charged particles as input to photon-ring searches in
the RICH detectors for particle identification.

In the reconstruction sequence of LHCb we distinguish different track-types depending on the
sub-detectors they traverse: “long tracks” traverse the full spectrometer (VELO and T-region)
and have best momentum and vertexing quality, “downstream tracks” traverse only the TT
and T-region and contain good momentum information, and finally “T-tracks” only traverse
the T-stations and have precise slope information for RICH-2.

For low and medium momentum tracks (up to about 80 GeV/c) the momentum resolution is
mainly limited by multiple scattering, while for higher momentum tracks the detector resolution
becomes the limiting factor. To measure track momenta of all particles a T-station track-
segment after the magnet is used in the following ways.

e For high momentum long tracks, the momentum is effectively measured by combining the
T-station segment with a track slope measurement before the magnet using VELO and
TT.

e For lower momentum long tracks as well as for downstream tracks, the momentum is
effectively determined by combining the T-station segment with a short T'T track-stub.

e For T-tracks the momentum is measured either by assuming the track originates from the
primary vertex (for high momentum tracks) or by measuring the curvature in the stray
magnet-field in the T-region (for low momentum tracks).

To achieve these goals the T-detectors were designed to provide high efficiency standalone
pattern recognition capabilities together with high resolution in the B-field bending plane. The
T-detectors consist of large Outer Tracker straw detectors, covering 98% of the 30m? detector
surface and smaller Inner Tracker Silicon detectors, covering 0.3m? at the small angle—high
track density—region. The T-stations are used in the HLT to find long track continuations of
VELO track-seeds and provide precision momentum information in the trigger to inclusively se-
lect signal events. Alternatively, offline standalone track finding in the T-stations complements
the track finding to achieve maximum efficiency for exclusive final state reconstruction.

The TT station covers the full acceptance of 2 m? before the magnet and was constructed
using the same Si technology as the I'T detector. The purpose of the TT-station is four-fold:

1. To reconstruct the trajectories of long-lived tracks that decay outside the fiducial volume
of the VELO detector (e.g. Kg decays).

2. To reconstruct low momentum “slow” particles that bend out of the acceptance of the
detector before reaching the T-stations.
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3. To provide an additional track segment to ease pattern recognition and to improve the
connection between the track segments determined by the VELO and the downstream
T-stations. In the present high pile-up data taking mode with high track density in the
detector, a significant reduction of false tracks (“ghosts”) has been achieved, when tracks
are required to be validated by TT hits.

4. To allow for selecting high momentum tracks in an early stage of the online track trigger.
Since low momentum tracks may scatter and give rise to a large impact parameter, knowl-
edge of the track momentum suppresses the secondary vertex candidates. This feature is
not used at present, since in the region between VELO and TT the multiple scattering is
higher and the magnetic field is lower than assumed in the original simulations.

The set-up of the tracking detector stations was designed [132,133] and optimized [134]
to provide best performance in a high track-density environment! corresponding to instan-
taneous luminosities in the range of £ = 2 — 5 x 1032ecm~2s!. For nominal LHC running
L =2 x10%cm~2s7! corresponds to 10 MHz visible interactions with an average number of 0.4
interactions per bunch crossing. At these run conditions the T-stations are expected to observe
on average 72 charged particle tracks, of which 26 are long tracks, for a bb event [134].

For optimal track reconstruction, each of the stations is equipped with four measurement
layers according to the coordinates: X-U-V-X, where X indicates a horizontal measurement and
U and V stereo measurements at £5° from X. The presence of two X-layers allows to perform
an initial 2-dimensional track search algorithm as an initial step for a full 3-dimensional pattern
recognition procedure. Experience with the HERA-B detector, as well as dedicated MC pattern
recognition studies demonstrated that optimal ghost rejection performance was obtained for
stereo angles in the region of 2.5° to 7.5°. The choice of a stereo angle of 5° provides a
y-coordinate measurement with sufficient precision on the track slopes for the RICH pattern
recognition [134]. For the TT detector a similar geometry was adopted to ease the reconstruction
of Kg decaying downstream of the VELO.

Contrary to the I'T, the TT and OT detectors have their on-detector electronics mounted just
outside the fiducial volume of the experiment. The read-out systems of the tracking detectors
allow T and TT station measurement information to be available in the HLT trigger with a
1 MHz readout frequency.

3.5 Particle Identification

The particle identification (PID) system is a vital component of the upgraded LHCb detec-
tor. Several key physics channels which involve kaons rely on the RICH PID to reject copious
backgrounds from multiple-track combinatorics and events with similar decay topologies. Es-
pecially important are the rare decays B, — ¢¢, By — ¢y, B — ¢K2, as well as the gamma-
measurement family of channels B — DK. The PID is also crucial for the kaon tagging
performance of the experiment, especially for momenta up to 10 GeV/c.

The baseline PID system will consist of the two existing RICH detectors, to be augmented
by a novel detector based on time-of-flight to identify low momentum particles. As for the

'For all simulation studies at various luminosities nominal LHC operation with 25 ns bunch spacing and
Cinel(v/s = 14 TeV) = 80 mb is assumed.
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current detector, the key momentum range is from p ~ 2GeV/c up to ~ 100 GeV/c [13]. The
upstream RICH-1 detector currently has aerogel and C4Fiy gas radiators, covering momenta
from ~ 2 to 10 GeV/c and ~ 10 to 60 GeV /c, respectively. The downstream RICH-2 detector
has a CFy gas radiator and covers momenta up to ~ 100 GeV/ec.

The philosophy adopted has been to re-use as much as possible all existing RICH mechanical
and optical components. The current RICH system employs custom-built photon detectors,
the Pixel HPDs [135], which operate very successfully. However these cannot be re-used in
the upgraded RICH detector since the HPD readout electronics are limited to a 1 MHz event
readout rate, incompatible with the upgrade rate of 40 MHz. The fact that the HPD readout
chip is integrated within the vacuum envelope of the HPD tube therefore precludes simply
replacing the chip and retaining the photon detectors. It is therefore proposed to replace the
HPDs with multi-anode photomultipliers (MaPMTs) with external 40 MHz readout electronics.

From simulation studies it has been concluded that the low photon yield of the aerogel radi-
ator (a mean of 5.5 photons per saturated track [13]), coupled with the increased background at
high luminosity, will be inadequate in the harsh environment of the LHCb upgrade. This would
compromise the crucial low-momentum PID, for which the key physics performance indicators
are the same-side kaon (SSK) and opposite-side kaon (OSK) tagging powers in By — ¢¢ events.
The presence of aerogel does not improve the tagging performance at high luminosity, nor does
it have the necessary robustness. The low-momentum PID efficiency, and robustness at this
higher luminosity, can be restored with a time-of-flight system discussed below.

In the current detector, the aerogel is located in the middle of the tracking system, and
its removal will reduce the material budget by about 5% of a radiation length. In addition,
the aerogel gives much larger rings than the gas radiator of RICH-1, so about half of the
photodetector area of RICH-1 is currently devoted to the aerogel. The area to be covered by
the upgraded photodetectors of RICH-1 will therefore also be significantly reduced.

In the upgraded detector, it is proposed to remove the aerogel from RICH-1, and instead
use a system based on time-of-flight to cover the low momentum range below ~ 10 GeV/c (i.e.
below the kaon threshold in the C4F;q gas radiator). Three sigma 7/K separation and positive
proton separation up to 10 GeV/c requires a time-of-flight resolution of about 15 ps per track, at
a distance of ~ 10 m from the interaction region. The proposed detector combines time-of-flight
and RICH detection techniques, and is named the TORCH [136]. It relies on the detection of
Cherenkov photons from a 1cm-thick plane of quartz to measure the time-of-flight of tracks.
The photons propagate by total internal reflection to the edge of the plane, in a manner similar
to a DIRC detector [137]. They are then focused onto an array of Micro-Channel Plate photon
detectors (MCPs) at the periphery of the TORCH detector. The time-of-propagation of the
photons in the quartz plate also depends on the particle type that produced them, as different
velocity particles give a different Cherenkov angle and therefore a different path length. This
effect is coherent with the time-of-flight difference, and enhances the separation power. The
goal of achieving a time resolution of 15ps per track, together with the expected number of
detected photons per track of around 30, dictates a 70 ps resolution in the single-photon time
measurement.

Figure 3.3 shows the calculated performance of the different components of the PID system,
for isolated tracks, in terms of the significance (in number of Gaussian sigmas) for K-7 separa-
tion as a function of momentum. Excellent particle identification can in principle be achieved
over the full momentum range of interest. The actual performance that will be obtained de-
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Figure 3.3: Calculated performance (in sigma separation) of the different components of the PID
system versus momentum, for isolated tracks. The assumed resolutions per photon and photon yields
per track are (70 ps, 1.6 mrad, 0.7 mrad) and (30, 16, 12) for (TORCH, RICH-1, RICH-2) respectively.

pends on the background and pattern recognition, and a preliminary simulation study has been
performed.

3.6 Calorimetry

The present calorimeter system of LHCD is composed of a Scintillating Pad Detector (SPD), a
Preshower (PS), an Electromagnetic Calorimeter (ECAL) and a Hadronic Calorimeter (HCAL).
The HCAL is based on the Tilecal technology and contains 1488 cells. It is preceded by the
ECAL based on the Shaslik technology and containing 6016 cells. In front of the ECAL, the
PS is composed of 6016 tiles matching the geometry of the ECAL. The PS is placed after a
lead sheet of 2.5 radiation length and is preceded by another layer of 6016 scintillator tiles, the
SPD. The detailed description of the calorimeter system can be found in [138].

The calorimeter system plays a role in photon reconstruction (ECAL), in photon and elec-
tron identification (ECAL, PS, SPD), and in the trigger system (HCAL, ECAL, PS, SPD).

For this document we have concentrated the studies on the upgrade of the ECAL and HCAL
readout at 40 MHz, since the removal of the SPD and PS is being considered for the upgrade.

e The Low Level Trigger (LLT), foreseen to replace our present L0 trigger, does not require
a very strict selection and therefore it can be operated without the PS and SPD.

e [t remains to be studied whether the necessary electron and photon identification needed
for parts of our upgrade physics program can be achieved without the SPD and PS.

If an upgrade of the SPD and PS is needed, the modifications to the Front-End (FE) cards
would be very similar to the modifications of the ECAL/HCAL FE-cards described below.

To minimize the required modifications, it is planned for the upgrade to keep the present
ECAL and HCAL calorimeter modules, their photomultipliers (PMT), Cockroft Walton bases
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(CW) and coaxial cables. However, to keep the same average anode current of the phototubes at
the higher luminosity, their high voltage (HV) is reduced and therefore the gain of the amplifier
integrator in the Front-End card will be increased.

The racks and crates situated at the top of the calorimeter can be kept as they are, however
of course the FE-cards have to be modified to allow a read out at 40 MHz. To minimize the
number of fibres necessary to read the calorimeters, the ADC information is packed using an
algorithm similar to the one presently used in the TELL1 calorimeter cards.

The decision to keep the calorimeter modules, their PMTs and CW bases assumes that they
can operate with the radiation damage corresponding to the foreseen integrated luminosity.

Because of the higher luminosity, there will be a higher occupancy in the calorimeter cells.
This will cause an increase in calorimeter noise due to statistical fluctuation in these underlying
events. While the effect is small for the measurement of high Er photons it is important in the
case of low Er photons.

3.7 Muon System

The muon system [13, 139, 140] is the most shielded sub-detector of LHCb and the primary
component of particle flux is less dominant than in other subsystems. Nevertheless, ageing of
detectors, their rate capabilities, the long term reliability of the present electronics and the
performances of muon identification in a high rate environment are concerns for the system
when operated with a luminosity of 10** cm™?s™!. Muon station M1 will not be needed in the
upgrade, as the improvement in the Low Level Trigger (LLT) muon momentum resolution will
be performed by the tracking stations, and the expected high rate will make it less useful.

Most of the hits recorded by the muon chambers in the stations M2-Mb are produced by
secondary particles coming from electromagnetic and hadronic showers and by the low energy
neutron background. The actual values of these components, simulated in the LHCb Monte
Carlo with safety factors, have been studied in the first year of operation of the detector.

The muon system Front-End (FE) electronics is already read out at 40 MHz, as it is currently
sending data at this rate to the LO trigger, while the full TDC information is sent at 1 MHz
to the DAQ system. This scheme has to be slightly modified, in order to have a system
fully integrated with the general LHCb LLT and with the rest of the upgraded DAQ. As a
global strategy, it is planned to have a minimal set of changes for the muon system and its
FE-electronics.

A key element for a successful running of the system at high luminosity will be a good
understanding of the high rate performance of the MWPCs and of detector ageing effects.
detector operation stability, considerations about spare chambers and ongoing R&D of large-
area GEM detectors.

3.8 Online system and Offline computing

The Online system consists of the Experiment Control System (ECS), the Timing and Fast
Control (TFC), the Data Acquisition (DAQ) and the Online IT infrastructure (OIT).

The architecture and the basic principles were described in the LHCb Online TDR [141].
They are: a unified control system for all hardware and software components required to run
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the experiment, a single stage readout using a large, dedicated local area network, driven by
a central fast control system, which provides synchronous commands and timing. Wherever
possible industry standard hardware and software are used and the number of different protocols
and technologies is intenionally kept as small as possible.

Based on these principles the Online system of the current LHCb detector has been designed
and commissioned. Fig. 3.4 gives a schematic overview. In this system data are pushed from the
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Figure 3.4: The LHCb Online system as from 2009. The individual components are explained in the
text.

detector into the readout boards (TELL1/UKL1) shown at the top of the figure. The Timing
and Fast Control (TFC) system, shown in the left upper part, broadcasts a destination address
to the readout boards, which then send their data via the network, shown in the middle, to
one of the computers in the event-filter farm (EFF) shown in the bottom. The computers in
the EFF process the event data, select a small fraction of them and send these to the storage,
shown at the lower left of the figure. The EFF computers then announce themselves to the
TFC system as being available for new data, closing the cycle of data acquisition and high-level
triggering.

All components are monitored and controlled by the experimental control system (ECS)
indicated on the right-hand side of the figure.

While many components will need to be changed or upgraded, either to accommodate
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the higher trigger-rate or naturally because of component obsolescence, the basic architectural
choices described here briefly have been found to be successful and will be kept for the upgrade.



Chapter 4

Conclusion

The LHCb experiment is currently taking data successfully at the LHC. After the experiment
has run for about five years at its design luminosity it is proposed to upgrade the experiment
to run at higher luminosity. The upgraded detector is planned to be installed in the second
long shutdown of the LHC machine, that is foreseen in the second half of this decade. Since the
LHCb detector is spread out along the beam line, it is possible to work on several detectors at
the same time, so that the total time for disassembly of the existing components and installation
of the new ones is minimized. Nevertheless, in the first long shutdown we intend to do as much
of the infrastructure work as possible in order to speed up the eventual installation.

The main focus of the upgrade is to increase the read-out of the experiment to 40 MHz,
so that the increase in luminosity can be exploited with an improved trigger. All detector
elements are needed to achieve full performance with the 40 MHz readout. A staging strategy
has been developed that will allow individual elements to be installed when received and when
installation time is available, so that experience can be gained in running them. This will be
achieved by reading out all the detectors at the current 1 MHz readout rate, even if they have
40 MHz capabilities, until the upgrade installation is complete. The TORCH detector could
be installed later if it is not available on time, with some impact on the particle identification
performance at low momentum. R&D has started to verify the feasibility of this and other
detector developments.

The physics case for the LHCb upgrade points to the compelling necessity for the experiment
to measure the effects of any new particles seen by any of the LHC detectors. Such New Physics
will require thorough study to identify and classify, and the upgraded LHCb would be the ideal
experiment to perform this task using flavour physics observables, especially since B, decays are
an important element of this work. The forward geometry, particle-identification capabilities
and flexible trigger of the upgraded detector will also give LHCb unique and complementary
capabilities in important topics beyond flavour physics.

The LHCDb upgrade is necessary to take the next step in sensitivity that will be required in
flavour physics after the first period of exploration and measurement that the experiment will
perform over the coming five years. The sample sizes in most exclusive B and D final states
will be far larger than those that will be collected elsewhere, for example at the upgraded ete™
B-factories. The performance of the existing detector, and the purity of the samples already
accumulated, gives confidence that measurements of very high sensitivity will be possible with
these samples. The experiment will have no serious competition in its study of B, decays and
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C'P violation.

The upgraded experiment will in addition have exciting opportunities to perform studies
that will shed light on the lepton sector, and in topics beyond flavour physics. LHCb will be
best-placed of all the LHC experiments to make an improved determination of sin? Hé?t, and
to combat the PDF systematic uncertainties that may limit the ATLAS and CMS efforts to
measure myy. LHCb will have high sensitivity in the search for new particles with long lifetimes,
and will be able to make QCD studies which are complementary to those possible in the central
region.

That LHCb has taken data and demonstrated its abilities even under the challenging cir-
cumstances of many interactions per crossing, and is at a machine that will provide the needed
luminosity, points to the LHCb Upgrade as being a golden opportunity for high energy physics.
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