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Abstract

A Phase-II Upgrade is proposed for the LHCb experiment in order to take full advantage of the flavour-
physics opportunities at the HL-LHC, and other topics that can be studied with a forward spectrometer.
This Upgrade, which will be installed in Long Shutdown 4 of the LHC (2030), will build on the strengths
of the current experiment and the Phase-I Upgrade, but will consist of re-designed sub-systems that
can operate at a luminosity of 2 x 103 cm™2s™!, ten times that of the Phase-I Upgrade detector. New
and improved detector components will increase the intrinsic performance of the experiment in certain
key areas. In particular the installation of a tungsten sampling electromagnetic calorimeter will widen
LHCb’s capabilities for decays involving 7° and 7 mesons, electrons, and photons from loop-level penguin
processes. The physics motivation is presented, and the prospects for operating the LHCb Interaction
Point at high luminosity are assessed. The challenges for the detector are described and possible solutions
are discussed. Finally, the key R&D areas are summarised, together with a set of initial modifications
suitable for implementation during Long Shutdown 3 (2024-2026).
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Chapter 1

Executive summary

Overview

It is proposed to upgrade the LHCDb experiment in order to take full advantage of the flavour-
physics opportunities at the High Luminosity LHC (HL-LHC). A detector will be installed for
the beginning of Run 5, currently scheduled to begin in 2031, which can operate at luminosities
of around 2 x 103* cm™2s~! and be suitable for a comprehensive range of flavour physics measure-
ments, as well as spectroscopy studies and other physics in the forward direction. The project will
be a Phase-II Upgrade and build on the achievements of both the current detector and the Phase-1
Upgrade, which is currently under construction. New attributes will also enhance the detector’s
capabilities to a wider range of physics signatures. Valuable preparatory work can be performed
in Long Shutdown 3 (LS3) (2024-2026), which will have benefits for Phase-I performance. The
Phase-II Upgrade will allow the experiment to accumulate data corresponding to a minimum of
300fb~!, and enable many important observables to be measured with a precision unattainable
at any other experiment. This project will extend the HL-LHC’s capabilities to search for physics
beyond the Standard Model (SM), and implements the highest-priority recommendation of the
European Strategy for Particle Physics (Update 2013) [1], which is to exploit the full potential
of the LHC for a variety of physics goals, including flavour.

Flavour physics and the LHCb experiment

The precise measurement of flavour-changing transitions in hadrons is a long-established and
powerful tool to seek out manifestations of new physics phenomena. The mass scales that can be
probed in loop-level processes are far higher than those that can be accessed in direct searches
for on-shell particles. Furthermore, many of the open questions in fundamental physics reside in
the flavour sector. Why are there three generations of fermions and what is responsible for their
hierarchy of masses? What determines the characteristic structure of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix? What is the nature and origin of the CP violation that is responsible
for the baryon-antibaryon asymmetry of the universe?

The LHCDb experiment has demonstrated emphatically that the LHC is an ideal laboratory
for quark-flavour physics. Significant achievements include the discovery of the ultra-rare decay
BY — ptu~ [255], the first single-experiment observation of charm mixing [6], and the world’s
most precise measurements of both the CKM angle v [7] and the B? weak-phase ¢ [8,9]. The
experimental attributes that have made these measurements possible have also allowed LHCb



to make major advances in hadron spectroscopy, for example the first discovery of pentaquark
states [10], as well as unique contributions to electroweak, QCD and heavy ion physics (e.g.
Refs. [11-13]), topics which were not considered when the detector was being designed.

The current LHCb detector, operating at a luminosity of ~4 x 1032 cm~2s~!, will continue
data taking until the end of Run 2 of the LHC, in 2018. During Long Shutdown 2 (LS2) it will be
replaced by an upgraded experiment, referred to in this document as the Phase-I Upgrade. This
Upgrade will employ a full software trigger, which will provide significantly increased efficiency
in hadronic final states, and allow the experiment to function effectively at the higher luminosity
of 2 x 1033 cm™2s~!. In order to read out the experiment at the crossing rate of the LHC and to
operate at this higher luminosity, most of the sub-detectors will be replaced, as will all of the
frontend electronics and data-acquisition system. In particular, a pixel Vertex Locator (VELO),
a silicon tracking station before the magnet (UT) and a large-scale downstream Scintillating
Fibre (SciF1i) tracker system will be installed. The evolving design of the Phase-I Upgrade has
been presented in several documents [14-20] and progress towards construction and installation
has been reported regularly to the LHCC. By the end of LHC Run 4, in 2029, the experiment
will have accumulated a data sample of around 50 fb~!. Further data taking with the Phase-I
detector will not be attractive beyond this date, on account of the excessive ‘data-doubling’ time,
and many of its components will have reached the end of their natural life span in terms of
radiation exposure.

The Phase-1 Upgrade will greatly improve the sensitivity of many flavour studies, as will the
Belle-IT experiment at KEK [21], which is scheduled to have finished data taking by the mid
2020s. However, the precision on a host of important, theoretically clean, measurements will still
be limited by statistics, and other observables associated with highly suppressed processes will
be poorly known. There is therefore a strong motivation for building a Phase-1I Upgrade, which
will fully realise the flavour potential of the HL-LHC.

The LHCb Phase-II Upgrade

Studies indicate that HL-LHC will be able to supply peak luminosities to Interaction Point 8
(IP8), where LHCD is located, of around 2 x 103*cm~2s~! at start of fill. A detector with the
capability to operate in this environment could accumulate an annual integrated luminosity of
up to seven times larger than that collected by the Phase-I Upgrade. The lifetime of the inner
triplets at IP8, with appropriate shielding in place, is expected to correspond to an integrated
luminosity of 300fb~!. This total, achievable within the planned HL-LHC operation schedule,
sets the baseline target for the Phase-II Upgrade data taking, although improved understanding
of the triplets’ response to radiation damage may allow this value to be raised.

The Phase-I1 Upgrade will be capable of a broad spectrum of important flavour-physics
measurements. The key goals are as follows:

e A comprehensive measurement programme of observables in a wide range of b — slT]~ and
b — dI*l~ transitions, many not accessible in the current experiment or Phase-I Upgrade,
employing both muon and electron modes;

e Measurements of the CP-violating phases v and ¢s with a precision of 0.4° and 3 mrad,
respectively;

e Measurement of R = B(B® — utp~)/B(B? — pF ™) with an uncertainty of 20%, and the
first precise measurements of associated BY — u*u~ observables;



e A wide-ranging set of lepton-universality tests in b — cl~7; decays, exploiting the full range
of b-hadrons;

e CP-violation studies in charm with 10> precision.

In addition, the Phase-II Upgrade will be capable of major discoveries in hadron spectroscopy,
and pursuing a wide and unique programme of general physics measurements, complementary to
those of ATLAS and CMS.

Although the HL-LHC will begin operation with Run 4 in 2026, the Phase-IT Upgrade will
not be installed until Long Shutdown 4, which takes place in 2030. E] This offset is to allow the
Phase-I Upgrade to complete its programme, and to allow sufficient time for the appropriate
R&D and construction activities to take place. Nonetheless, LS3, scheduled for 2024-2026,
provides an ideal opportunity for preparatory activities, together with consolidation work and
modest improvements to the Phase-I detector that can also be regarded as first steps towards
the Phase-II project. Table summarises the periods of operation of the various phases of the
LHCb experiment, and the data taking parameters.

Table 1.1: Summary of LHCb pp data taking and running conditions for the current experiment, the
Phase-I and Phase-11 Upgrades. The future years of data taking will be interrupted by Long Shutdowns 2,
3, 4 and 5, currently scheduled to take place in 2019-2020, 2024-2026, 2030 and 2034, respectively [22].

LHC Period of Maximum £  Cumulative

Run data taking [em™2s71] [ Ldt [fb7]
Current detector 1 & 2 2010-2012, 20152018 4 x 1032 8
Phase-I Upgrade 3 & 4 2021-2023, 20262029 2 x 1033 50
Phase-II Upgrade 5 —  2031-2033, 2035 — 2 x 1034 300

The challenges of performing precision flavour physics at the high luminosities under consid-
eration are daunting. The mean number of interactions, pu, in each event will be around 50. The
increased particle multiplicity and rates will present significant problems for all detectors, as
will the increased radiation damage for certain components. A thorough study, involving both
simulation and detector R&D, will be required to find realisable designs for each sub-system.
Nonetheless, promising potential solutions may already be identified. An essential attribute, not
present in the current detector or the Phase-1 Upgrade, will be precise timing, in the VELO
detector, and also downstream of the magnet for both charged tracks and neutrals. This infor-
mation, if it approaches a resolution of a few tens of ps per particle, will allow charged tracks
and photons to be associated to the correct interaction vertex, thereby suppressing combinatoric
background and also allowing for time-dependent CP measurements.

The detector design outlined in this document would deliver a similar performance to the
Phase-I Upgrade, with the potential to exceed it in certain key attributes, bringing significant
physics gains in addition to those coming from the increased integrated luminosity. In particular,
a high granularity tungsten sampling electromagnetic calorimeter will extend the experiment’s

capabilities in final states involving photons, 7 mesons and electrons, with which many important

!This Long Shutdown is currently scheduled to last only one year [22], but would need to be extended to at
least 18 months to allow the Phase-II Upgrade to be installed.



studies may be conducted. By instrumenting the side walls of the dipole, the tracking acceptance
can be significantly increased for soft tracks, improving the experiment’s efficiency for high
multiplicity decays. The downstream fast-timing capabilities required for rejecting combinatoric
background can also be used for improving particle identification at low momentum. In addition,
improvements can be foreseen in the RICH system and the VELQO. The initial steps of a limited
number of these detector upgrade projects could already be installed during L.S3, allowing the
Phase-I experiment to improve its physics reach during Run 4.

This document is organised as follows. The motivation for a high-precision flavour-physics
programme at the HL-LHC is presented in Chapter 2| together with a discussion of other
interesting physics topics. The capabilities of the accelerator for delivering high-luminosity
collisions at IP8 and the implications for the machine components are briefly summarised in
Chapter [3] The requirements on the detector and initial thoughts on possible solutions for each
sub-system are discussed in Chapter [d] while in Chapter 5] the R&D plans are outlined, and a
selection of potential first steps to be taken in LS3 is given.



Chapter 2

Physics opportunities

2.1 Flavour physics in the HL-LHC era

The HL-LHC era will begin with Run 4, currently scheduled to start in 2026. By this time
the Belle-II experiment at KEK is expected to have finished operation, having collected around
50ab~! of integrated luminosity. The only running experiments worldwide capable of performing
b-physics measurements will be at CERN, namely the ongoing LHCb Phase-I Upgrade, and the
General Purpose Detectors, ATLAS and CMS. The latter two experiments will themselves have
been upgraded in preparation for the higher luminosities and the harsher environment of the
new machine, with the goal of accumulating an integrated luminosity of 3000 fb~! each.

LHCD [23] is designed to reach much lower pr thresholds than ATLAS or CMS, which
leads to a higher efficiency for reconstructing the decay products of b- and c-hadrons. This
attribute is complemented by excellent vertex and proper time resolution, provided by the VELO
detector, which are vital assets for flavour studies. In addition, LHCb is unique among the
LHC experiments in having hadron identification across a wide momentum spectrum and, from
Run 3 onwards, will be alone in having a fully software-based trigger able to perform offline-like
selections at the full LHC crossing rate.

The LHCb Phase-1 Upgrade will continue data taking until the end of Run 4, after which
it will become too time-consuming to accumulate significantly larger samples, and when the
radiation dose will have reached the design values for several critical sub-systems. However,
notwithstanding the improvement in knowledge that can be expected from the Phase-I Upgrade,
and from Belle 11, there will be strong arguments to continue flavour physics studies at the LHC
with a dedicated experiment. This realisation motivates the current proposal, for a Phase-I1
Upgrade of LHCb that will operate at luminosities of around 2 x 10>*ecm™2s~! and thereby
exploit the full flavour-physics potential of the HL-LHC. A comprehensive programme of highly
sensitive flavour studies will become possible, which will complement the improved knowledge of
the Higgs couplings that will be achieved by ATLAS and CMS.

Many studies of suppressed decays of heavy-flavour hadrons and 7-leptons, which are of
great interest in probing for New Physics (NP) effects, are limited by the sample sizes available
and will greatly benefit from the significant increase in integrated luminosity that the Phase-II
Upgrade will enable. Similarly, some of the most interesting measurements of weak phases, for
example the unitarity-triangle angle v and the B mixing phase ¢, are not limited by systematic
uncertainties and so can be determined with even higher precision in the HL-LHC era. Such



measurements will allow LHCb to probe the CKM paradigm at the level of the SM theoretical
predictions. Furthermore, a significant increase in the data sample will allow a wider range of
decay modes and observables to be measured. In addition to the increased statistical precision
that the Phase-II experiment will bring, the increased range of measurements will permit searches
for patterns of correlated deviations from the SM across a wide range of observables, which will
be invaluable in distinguishing between viable NP models. Finally, the Phase-II Upgrade will
widen the physics opportunities in many areas beyond flavour, such as hadron spectroscopy and
studies of SM processes in the forward region.

In the following discussion it is assumed that the experiment will collect 300 fb~! of integrated
luminosity and the Phase-II detector will have a similar performance to the Phase-I Upgrade in
the parameters that are important for flavour physics. In fact, as is explained in Chapter [4] it is
proposed to extend the experiment’s capabilities in certain key areas, in particular sensitivity
to 70 and 7 mesons, photons and electrons, and to low-momentum charged tracks. These
improvements are expected to have a significant impact on the physics reach beyond the increase
in statistical power that the Phase-1I Upgrade will bring.

2.2 Rare processes and lepton-universality tests

The study of semileptonic b — sl™1™ transitions, in which the dilepton pair is not produced in the
decay of a hadronic resonance, offers a rich set of observables that probe and constrain [24] viable
NP models in a complementary way to the study of BY — u*u~ and the radiative process b — s7.
LHCDb has already reported important results for many of these modes [25-31], most notably
BY — K®putpu~ and B — K®ete~. The main systematic uncertainties are expected to scale
with integrated luminosity, motivating continued study of these decay channels at the Phase-I1
Upgrade. Recent measurements have prompted discussion about the size of possible charm-loop
effects, which may introduce additional theoretical uncertainties in the interpretation of the
observables. Data-driven methods to control such effects are being developed, e.g. Ref. [32], and
can be fully exploited with the Phase-IT Upgrade data sample. The improvement in statistical
precision for quantities already under study can be assessed from Fig. (a), which compares
the Run-1 sensitivity for the BY — K*utpu~ observable P! in bins of the dimuon invariant-mass
squared, ¢2, with that expected in the Phase-IT Upgrade. The region 4 < ¢> < 8 GeV?2/c?*, where
there currently exists a discrepancy between data and prediction, will be mapped out with very
high precision using the larger data set. More importantly, new observables, particularly in the
BY and /12 sectors, will be measured with excellent sensitivity for the first time, for example
those accessible in a flavour-tagged time-dependent analysis of the decay B — ¢u*pu~.

Since any plausible NP model should affect all b — sl*[~ transitions in a coherent way,
this comprehensive study will allow for a powerful global test of any observed deviations from
the SM picture of the kind which current measurements may hint at (e.g. see Ref. [35,36]).
The Phase-IT Upgrade will not only improve the statistical sensitivity of such a global test of
the SM. By allowing many of the most suppressed observables in b — sl™[™ transitions to be
measured for the first time, it will also reduce the dependence of such tests on the accuracy
of the theoretical prediction of any single observable, allowing for much greater confidence in
the interpretation of the results. Since the analyses will be performed for both electron and
muon final states, all measurements will also be naturally interpretable as tests of e — u lepton
universality. By way of example, Fig. (b) displays the results of a simulation study closely
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Figure 2.1: Electroweak penguin studies at the Phase-1I Upgrade. (a) P. vs. ¢, showing the LHCb
Run-1 results and those of a simulated experiment with 300 b1, assuming the same central values.
The SM predictions, with the currently assigned uncertainties, come from Ref. . (b) significance
of the measured values of S5 and Sg, quantifying lepton-universality violation in B® — K*u*pu~ and
B® — K*ete™ decays, as a function of sample size, assuming a NP scenario defined in Ref. . The
correspondence with the different running periods of LHCD is indicated, as is the expected performance of
Belle 1II.

based on that presented in Ref. , showing the significance of the measurement of the observable
Ds5, which is closely related to the differences in behaviour for P! between muon and electron
modes, and is expected to be vanishingly small in the SM. Also shown is the significance on
the measurement of the observable Dg, again very close to 0 in the SM. The generated values
for D5 and Dg are set to non-zero NP numbers compatible with current constraints . The
expected significances are shown as a function of B — K*ete™ sample size. Also indicated is
the correspondence between the sample size and the running period of LHCD, as extrapolated
from Run-1 measurements and taking no account of possible improvements to the ECAL
during Phase II. For this NP scenario, and for many others with smaller lepton-universality
violating contributions, the Phase-II Upgrade will be required to observe a clear effect.

Similar arguments hold for studies of b — dI*I~ transitions, albeit with lower statistical
precision, as may be illustrated with a few examples. The angular analysis of the b — di*i~
decay B?— K*Ou*u~ with the data sample collected by the Phase-II Upgrade is expected to
become more precise than the Run-1 result for the b — si*t1~ process B® — K*¥uT =, enabling
a powerful comparison between different flavour transitions. A time-dependent analysis will
become feasible for the mode B® — p°utpu~. The large sample sizes, coupled with the improved
n%-reconstruction that is foreseen from an upgraded ECAL (see Sec. , will allow for isospin
tests in B — putp~ and B — wuTp~ decays.
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Figure 2.2: B(B? — p*p~) vs B(B® — ptu™) as computed using new sources of flavour-changing neutral
currents, as discussed in Ref. . The green points are the subset consistent with other measurements.
The red point is the SM prediction. The pink contour corresponds to the 68% C.L. region determined by
the Run-1 measurements and the red contour corresponds to future measurements centred at the
SM prediction with a ~ 14% precision on R.

The upgraded ECAL will also be very valuable in improving the sensitivity of the experiment
to studies of b — sy and b — d~y processes. The Phase-1I Upgrade will be unique in allowing
precision measurements of time-dependent b — s observables in the decay of B? hadrons, for
example enabling the photon polarisation in B? — ¢y to be measured with a sensitivity
comparable to the precision on the SM prediction for the first time, and also making accessible
polarisation measurements with rare baryon decays, such as /18 — Ay, Zp = Zv and Qp — Q.

Lepton universality studies in b — I~ 7 transitions are of growing interest and provide
complementary constraints on possible NP models. Recent measurements of R, = B(B —
D®1r=17.)/B(B — DY yu~1,), both at the B-factories , and LHCb , have indicated
some tension with the SM. The Phase-II Upgrade will allow LHCb to test both 7 — p and p — e
universality in b — ¢~ 7 transitions at better than the percent level across the full range of
decaying b-hadrons, and in particular will allow precision measurements of 7 — p universality in
B decays for the first time. The yields of B — D® 717 decays will be sufficiently large to
allow for precise polarisation studies of the final-state particles, which are complementary to the
measurement of Rp.). Again, a global analysis will be crucial for not only testing the SM, but
also discriminating between different models of NP.

The very rare decay BY — p 1~ has been successfully observed at the LHC, and its branching
ratio measured to be consistent with the SM predictions with a precision of 23% [2H5]. The
rate of the decay B® — utp~ is suppressed by a factor |V;4/Vis|? in the SM, and no significant
signal has yet been established. By the end of Run 4, and assuming the SM predictions, LHCb
will reach a 40% precision on the ratio R = B(B® — utu~)/B(BY — utu~), a very powerful
observable to constrain the flavour structure of models beyond the SM. The CMS experiment



will attain a similar statistical sensitivity. However the hadron particle identification capabilities,
valuable for suppressing background and characterising residual contamination, the superior mass
resolution of LHCb, will be invaluable in obtaining the control of systematic uncertainties that
will be essential for these measurements in the longer term. After Phase-II of LHCb the precision
on the ratio R will be ~20% and, together with the expected similar CMS sensitivity [42] on the
same timescale, the combined reach should be ~14%, putting strong constrains on viable NP
models, as shown in Fig. Recent improvements in the LHCb analysis [5] may lead to an
even better performance. Moreover the large B yield will allow the study of new observables
such as the effective lifetime in the u™p~ mode, where LHCb is in the process of publishing a
proof-of-concept measurement [5], and CP asymmetries. These observables will be particularly
crucial for discriminating between NP models in the event that effects beyond the SM are
observed.

An important complementary test of the SM is the search for the lepton-flavour-violating
process 7~ — pt . It has a negligible SM rate, but in many theories [43-46] beyond the SM
this branching ratio can be in the region (1072 — 10®). The current experimental limit [47-49),
Bt~ — puTu~p~) < 1.2 x 1078, is at the starting point of this range, and Belle II will probe
exactly this interesting region of sensitivity when accumulating up to 50 ab=! at the Y(4S). The
LHC produces 7 leptons, primarily in the decay of heavy flavour hadrons, with a cross-section five
orders of magnitude larger than at Belle II. This compensates for the higher background levels
and lower integrated luminosity, and means that a Phase-II Upgrade of LHCb would also be
able to probe down to O(107?), and independently confirm any Belle-II discovery or significantly
improve the combined limit. The proposed improvements to the calorimeter during the Phase-II
Upgrade (see Sec. will be helpful in suppressing backgrounds such as Df — n(p~pty)pty,,
and enabling LHCDb to make best use of its statistical power.

2.3 Precision tests of the CKM paradigm

The SM does not predict the values of the weak flavour-couplings, and so all matrix elements
must be measured experimentally. However, the unitary nature of the CKM matrix, and the
assumptions of the SM, impose relations between the elements that are often expressed graphically
in the complex plane as the so-called unitarity triangle. The angle v of this triangle is of particular
interest, because it can be determined extremely cleanly from measurements of CP asymmetries
and relative rates in the B~ — Dh~ (h = K, 7) family of decays. The theoretical uncertainty on
the interpretation of the physical observables in terms of « is five orders of magnitude smaller
than the attainable experimental precision, even at the end of the Phase-II period. For this
reason, ever more precise measurements of v will remain very well-motivated for the foreseeable
future, and provide a reference determination (not affected by possible contributions from NP in
loops) of the apex of the unitarity triangle against which all other measurements of the triangle
can be compared. The degree-level uncertainty in v after Run 4, extrapolated from the current
LHCDb measurements [7], will be achieved mainly through the analysis of B~ — DK~ decays.
With the Phase-II LHCb Upgrade this uncertainty will be reduced to around 0.4°, which will
provide a very stringent test of new phases contributing in B decays. This extrapolation is
in fact conservative, as it neglects the increased power that will come from modes involving
neutrals, such as DY — 77770, which will be reconstructed with higher efficiency using the
improved Phase-II calorimeter (see Sec. , or high-multiplicity modes which will gain from



(a) (b)

= ) ) > [ )
0.6 = C3 IVwl/Vasl+y with 3004b LLHCb = [ --- UTHit 2_1017
i y UTfit average 2017 c L []300fb™' LHCb
[0 [Vuw/Ve| UTfit ayerage 2017 ) -
- -O 37
> I
- =
04F o -
e ©
- i
L \ ne_ I
02 i
L 1+
- HEP i i
ol T O’JL_._‘,.I-"‘ e

0 0.05 0.1 0.15 0.2 0.25 —4 -2 0 2 4
5 20, (deg)

s

Figure 2.3: Current experimental constraints and Phase-II LHCb reach in the (a) p — 7 plane, where
Belle-IT measurements and developments in lattice QCD will also contribute to the knowledge of |V, /Vep|,
and for (b) NP contributions to ¢ (dark blue 68%, light blue 95%) [52].

improvements in the low-pr tracking efficiency (see Sec. . In parallel to these studies of
tree-level processes, it will be essential to improve the measurement of v in channels where virtual
loops play a significant role, for example BY — K07 "7~ and BY — K~ 77% and the family of
B — h™h™ modes (h = 7, K), already studied to great effect in Run 1 [50].

LHCb can also measure the magnitude of V,;;, and is uniquely able [51] to determine this
quantity in the semileptonic decay modes of B?, B, and /12 hadrons, several of which will
require the statistical reach of the Phase-II Upgrade to achieve the most interesting precision.
Measurements of |V,;| in different processes can also be used to constrain the fraction of left-
handed and right-handed couplings, and in general different decay modes lead to differently
shaped constraints in this 2D space. Furthermore, the lattice-QCD inputs required for these
measurements have very different systematic uncertainties for each process. Because of this,
measurements of |V,,| by LHCDb will play a particularly important role in global tests of the CKM
paradigm and proposed NP extensions of it. The reconstruction of semi-leptonic decays relies on
the kinematical constraint provided by the vector between the primary and decay vertices, and
will be improved in quality if the material in the RF foil surrounding the VELO detector can be
reduced or eliminated (see Sec. . The impact of Phase-II LHCb measurements in the p — 7
plane, which defines the apex of the unitarity triange, is shown in Fig. [2.3|(a).

With the detector improvements described in Chapter {4 time-dependent analyses will be
possible with a pileup of O(50) and a very precise measurement of ¢s in the CKM unitary
triangle can be performed at the Phase-II Upgrade. The uncertainty on ¢, after Run 4, as
extrapolated from the current LHCb measurements [8], is expected to be 9mrad, based mainly
on the time-dependent analysis of the decay BY — J/¢¢. If new phases affect BY and B°
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mixing differently, it could very well be that a comparison of loop-dominated processes in BY
and B? mixing with tree-level measurements will show different levels of NP contributions. With
the Phase-II LHCb Upgrade a precision of ~4mrad will be attainable using B? — J/1¢¢ only.
Including other measurements from other modes (for example, BY — J/¢n*7~) the uncertainty
on ¢, will become better than ~3 mrad, which is at the same level as the precision on the
indirect determination of ¢ from tree-level measurements. This determination will impose severe
constraints on any possible NP contribution to the phase, as shown in Fig. (b)

In order to interpret properly the time-dependent analysis of BY — J /¢ in terms of ¢, the
size of any potential contributions from doubly Cabibbo-suppressed penguin decays must be
determined, for example using control channels such as B® — J/vp° [53] and BY — J/yK*0 |54],
which benefit from the hadron identification capabilities of LHCb. With the data accumulated
after the Phase-II Upgrade, it is expected that the effect of such penguin diagrams will be known
with a precision better than 1.5 mrad. Moreover, studies of the weak phase in complementary
b — s3s decay modes such as B? — ¢¢, where current measurements [55] are very limited
by statistics, will be able to reach sensitivities of ~8 mrad with the Phase-II Upgrade sample.
Similar improvements will be possible in the related charmless decays B — K7t K*r—,
BY — K{hth™ (h =7, K) and B? — KT K~ 70, where the improved capabilities of the Phase-IT
ECAL will play an important role. Furthermore, LHCb will continue to make important CKM
tests in the B system; for example the Phase-II Upgrade will allow LHCb to measure Al'y with
sufficient precision to be potentially sensitive to a non-zero value, even at the predicted SM level.

In the SM, the CP asymmetries in semileptonic neutral B mesons decays are predicted [56] to
be very small: ad, = (—4.74:0.6) x 107* and a?, = (2.2240.27) x 107°. The LHCb measurements
with Run-1 data have reached a precision of o(a%) = 3.6 x 107 and o(a3) = 3.3 x 107% [57./58],
which are at least an order of magnitude larger than the SM uncertainties. The hints for
discrepancies with the SM shown by previous Tevatron results [59] have not been confirmed, but
given the size of the uncertainties there is still room for sizable NP contributions. Hence there is
a clear motivation to perform these measurements with a much larger data sample, in particular
since the systematic uncertainties are dominated by detector asymmetries, which are limited by
the statistical size of the control samples and therefore expected to scale with the integrated
luminosity. With the expected data set collected at a Phase-II Upgrade it will be possible to

reach a precision close to the SM value for agll.

2.4 Lower pr signatures

Following the Phase-I LHCb Upgrade in LS3, the experiment will be fully read out at 40 MHz,
allowing for a very flexible full software trigger. This, in addition to the excellent detector
resolution, opens up new analysis possibilities. An illustrative example is the search for dark
photons using the inclusive dimuon mass spectrum [60]. Until now both direct and indirect
searches have failed to discover Weakly Interacting Massive Particles (WIMPs), and so alternative
explanations are motivated to explain the nature of dark matter. One popular paradigm involves
a dark sector, which couples to the SM only through a dark photon, which shares quantum
numbers, and therefore mixes, with the SM photon. In Fig. the LHCDb potential to look for
such dark photons is shown in the plane of the mass of the dark photon vs. the coupling strength.
The improvement in knowledge from accumulating an integrated luminosity of 300 fb~! is shown;
in particular, the sensitivity in the region below my is much better than can be achieved at Belle
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II. Related searches for Majorana neutrinos [61,62] and inflatons [63,/64], which LHCb has already
performed with Run-1 samples, are expected to remain background-free throughout the Phase-II
period. As these types of NP particles can have a very wide range of lifetimes, the additional
capabilities downstream of the magnet offered by the proposed TORCH detector (see Sec.
may lead to improvements in LHCDb’s sensitivity beyond a simple integrated-luminosity scaling.
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Figure 2.4: Bounds on dark photon mass (m/) and coupling (e?) compared to the anticipated LHCb
reach for inclusive A’ production in the dimuon channel. The contour assumes an integrated luminosity
of 300 fb~'. This plot is similar to that in Ref. [60], where a more detailed description of the different
contributions to this figure can be found.

The software trigger will also allow LHCb to take full advantage of the enormous production
rate of charm hadrons at the LHC, and collect the largest sample, by far, of charm decays
ever recorded. If the full offline performance can be achieved in the trigger during the Phase-11
Upgrade, LHCb will collect over two orders of magnitude more D° — h*h~ and D° — K{hTh~
decays (h = 7, K), than Belle II, allowing it to probe indirect CP violation with a precision of
10~ and measure charm-mixing parameters with a precision of 1074, CP-violation in mixing-
related phenomena are predicted to be very small, O(10~%) or less [65], and therefore improved
measurements have excellent discovery potential for observing NP contributions. Effects of CP
violation in decay are less cleanly predicted, and could be as large as O(1073) [66], close to the
current levels of sensitivity. If current hints [67] are confirmed, or if other signals emerge with
Run-II or Phase-I data, it will be possible to launch a comprehensive survey of such effects in
charm decays with the Phase-II Upgrade. The expected impact that the Phase-II data samples
will have on the knowledge of the charm-mixing and indirect CP-violation parameters is shown
in Fig. In addition, the flexible nature of the LHCb trigger will allow a wide range of other
three- and four-body decay modes to be studied, and will also permit a thorough exploration of
the charm-baryon sector.
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Figure 2.5: A projection of the improvement in the knowledge of the charm sector that will come from
the Phase-IT Upgrade: (a) mixing parameters (in a study that allows for CP violation); (b) the quantities
¢ and |q/p|, which parametrise indirect CP-violation in charm.

LHCDb has a unique reach for rare decays of strange hadrons, and has already produced
world-best results in the search for Kg — ptp [68] and made studies of the decay X1 —
putp~ |69]. The Phase-IT Upgrade and the Phase-I/-IT software trigger will allow LHCb to
observe Kg — ptpu~ down to its SM decay rate and make similarly sensitive measurements
for the decays of other charged hadrons. Possible improvements from augmenting the trigger
with additional downstream capabilities (see Sec. may bring further gains in performance
over what is expected from the baseline Phase-I system. One additional very interesting physics
possibility 70| is to study the spin precision of particles in the dipole magnet and hence determine
the electric dipole moment (EDM) of the A baryon, and to measure the magnetic dipole moment
(MDM) of both A and A baryons as a test of CPT symmetry. Sensitivities at 107'% e cm and
100 ppm will be achievable for the EDM measurement and CPT test, respectively, at the Phase-I1
Upgrade. Even higher precision may be achievable by adding new tracking stations in the magnet
region, as discussed in Sec. [£.2.3]

2.5 Exotic hadrons and spectroscopy

The LHC is an extremely rich laboratory for the study of exotic hadrons, and this opportunity
has been exploited by LHCb to great effect during Run 1. Highlights include the demonstration
of the four-quark nature of the Z.(4430)" resonance [71] and the observation of the P.(4380)"
and P.(4450)" pentaquark states [10]. These examples also show the need for a ‘critical mass’
of signal events, to allow for the thorough amplitude analyses which are essential to gain full
understanding of the observed resonant structures. A key priority for future LHCb data taking
is to establish other possible exotic multiplets, which can contain a large number of states in the
pentaquark picture. Neutral isospin partners of the P resonances, however, cannot be detected
in J/¢n final states, implying the need for studying the fully hadronic decay modes AC*D(*)*
accessible through /12 — AF DW= K*0 decays.
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The Phase-II Upgrade will have an unprecedented sensitivity for exotic hadron studies,
whether directly produced in the pp collisions, or produced in the decays of beauty hadrons
where high-statistics amplitude analyses will allow the resonant nature of these states to be
determined. Some especially important examples are the precision studies of exotic hadrons
which decay into doubly-charmed final states that can be accessed only in Bl decays, or searches
for doubly-heavy hadrons such as bc-baryons, which will not be accessible at any other experiment
in the foreseeable future. It is also important to emphasise that the enhanced attributes of
the Phase-II Upgrade, in particular the improved calorimeter (see Sec. , and the greater
acceptance to soft particles that will be brought by the Magnet Stations (see Sec. , will
be very beneficial for the multibody final states, many of which involve neutral particles, for
example /12 — n.pK~ and Ag — XegPK ™.

The Phase-1I Upgrade of LHCDb will also allow for ever more precise measurements of heavy
flavour production. The improved calorimeter will greatly expand LHCDb’s sensitivity to those
hadrons whose decays primarily involve neutral particles, while the additional statistical reach
will allow precise double-differential measurements of the pair-production of various types of
hadrons [72] to be performed for the first time. Such measurements, and related searches for the
associated production of three or more given hadrons, will play an invaluable role in constraining
pp production models in the forward region.

2.6 Forward and high-pt physics

LHCb has already produced results [73] that show the ability to discriminate effectively between
c-jets and b-jets. For instance, for a jet with pp > 20 GeV/c a c-jet tag efficiency of 6 (20)% is
achieved for a b-jet tag efficiency of 1(10)%. This initial performance, which is the best of any
LHC experiment, is expected to improve further in the forthcoming years, as the sophistication
of the tagging algorithms increases. If this level of discrimination can be maintained (or even
improved) in the Phase-II Upgrade, there will be a very interesting potential to search for
H? — ¢, where the Higgs is produced in association with weak bosons. Preliminary studies
suggest that the experimental sensitivity would approach that required to see this process at the
SM rate.

LHCb has demonstrated that it can make a valuable contribution to the study of electroweak-
boson production at the LHC [74-86]. In the measurement of cross-sections the experiment
benefits from the most precise luminosity measurement ever achieved at a bunched-beam
hadron collider [87], an achievement that can be largely attributed to the SMOG gas-imaging
system [88,/89], which is unique to LHCb. The forward region is where the fraction of quark-
initiated processes is largest as a consequence of the relative decline of the gluon with respect to
the valence-quark Parton Distribution Function (PDF) at high x. This property gives LHCb
certain advantages, for example in minimising the dilution associated with the knowledge of the
incoming fermion direction in Z-boson production in the measurement of the effective weak-
mixing angle. The collaboration has published the most precise determination of this observable
at the LHC [11], and the prospects for the evolution of this important measurement with larger
samples are promising. In general, measurements of boson production in the forward region
provide valuable constraints on PDF's; conversely, a measurement of the W-boson mass, my, at
LHCb will have a different dependence on PDF uncertainties to those at central rapidities, and
hence will be complementary to the measurements performed at ATLAS and CMS [90], bringing
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an improvement in knowledge above that which comes from two central-rapidity experiments
alone.

The high rate of top-quark production at the LHC compensates for the limited acceptance
of LHCD for decays of very massive objects [91,92]. The Phase-II Upgrade will allow LHCD to
make precise measurements of the double-differential top-production cross-section in the forward
region, which will be a powerful input for constraining the PDF's used to calculate the expected
Higgs cross-sections at the LHC. In addition, the dominance of quark-initiated top-production
processes at forward rapidities [93] means that the Phase-II Upgrade will give LHCDb an ideal
opportunity to measure top-quark pair asymmetries [94], which may be very sensitive to NP
contributions. While a 5o observation of a non-zero asymmetry may be possible with data taken
up to Run 4 [95], a Phase-II Upgrade will be essential to go beyond the simple observation, and
allow precise studies to differentiate NP effects from those of the SM.

2.7 Ion and fixed target physics

The excellent particle-identification attributes, forward acceptance and good efficiency for low-
pr signals provide LHCb with unique and powerful capabilities for pA and AA physics, as
already demonstrated in several publications [13,9699]. The very high granularity and extended
instrumentation of the Phase-II detector will allow the experiment to access AA collisions at
higher centralities than with the current detector, and make LHCD a perfectly adapted experiment
for these studies, should there be a strong motivation for pursuing heavy-ion measurements in
Run 5 and beyond.

The gas-injection SMOG system of LHCD, originally installed for luminosity measurements,
also allows LHCD to function as a fixed-target experiment, adding further breadth to the LHC
programme. Data have been taken with a variety of noble gases, and measurements are underway
of relevance for both nuclear physics and particle astrophysics. There have been proposals
from within the collaboration [70] and also the external community [100], identifying important
measurements that can be conducted in fixed-target mode at the LHC, such as the measurement
of the EDM and MDM of charm baryons. Discussions are ongoing as to whether it is possible to
integrate these exciting ideas into the ongoing LHCb physics programme.

2.8 Summary and sensitivity to key flavour observables

The Phase-II Upgrade of LHCb will both enable a significant improvement in statistical reach
for observables already under study, and will also allow complementary observables in highly
suppressed processes to be measured with good precision for the first time. The broad programme
of measurements will provide high sensitivity in the search for effects beyond the SM, and allow
for a detailed characterisation of any NP that is discovered. Table summarises the physics
reach of the Phase-II Upgrade for several key topics that have been discussed in this chapter.

The immense statistical power of the Phase-II Upgrade will present outstanding opportunities
in hadron spectroscopy, where LHCb has already made major discoveries. The capabilities of
the experiment are also very well suited to making major contributions to new particle searches,
and precise measurements in electroweak physics, QCD and even the Higgs sector. The fully
software-based trigger system, unique at the LHC, will give the experiment great flexibility in
adjusting to whatever physics possibilities will emerge at the HL-LHC.
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Chapter 3

Machine considerations

Interaction Point (IP) 8, at which LHCb is located, is not designed for high luminosity operation.
To raise the instantaneous luminosity significantly beyond 2 x 1033 cm™2s~! requires changes
both to the optics and to the shielding of the machine elements.

3.1 Luminosity projections

The default value of 8* for the LHCb Phase-1 Upgrade is 3 m, which without levelling permits a
maximum luminosity of around 1 x 103* cm™2s~! at start of fill. In order to collect substantially
more data per year than in Phase-I operation it will be necessary to reduce 8* to 2m or below.

Table shows the data sets that could be collected each year in various scenarios [101}/102].
Results are given for the case where the luminosity is levelled by beam separation at values
of 1 and 2 x 10** ecm™2s™!, and where no levelling is applied. In some scenarios it will not be
possible to maintain the target luminosity throughout the fill, and so the extent of the levelling
time is also indicated. For comparison an entry is also provided for Phase-I operation, with
levelling at 2 x 1033 cm™2s~!. The fill length has been optimised to maximise the amount of
integrated luminosity delivered to IP1 and IP5. The results assume an external crossing angle in
the horizontal plane of 500 urad. As the crossing angle at the IP also includes the bend induced
by the spectrometer dipole, the instantaneous luminosity achievable and overall performance
differs for negative and positive magnet polarity, hence results are shown for each setting. The
calculated numbers do not account for beam-beam effects, which may degrade the performance,
particularly for negative polarity (that is when the spectrometer reduces the external crossing
angle, resulting in a smaller crossing angle at the IP).

It can be seen that, given the assumptions of the calculations, at §* = 2m it will be possible
to collect around four times more data per year than in Phase I, and with 5* = 1 m and operating
at the most favourable polarity, it will be possible to collect an annual sample that is more than
seven times larger. The loss in integrated luminosity to ATLAS and CMS from the additional
burn-off caused by operating IP8 at higher luminosity is small, never exceeding 5% [102]. The
impact on beam lifetime and quality needs to be further studied to confirm the above numbers.

Operating at low values of 5* implies a big external crossing angle and large beam sizes in
the region of the triplets and the superconducting dipole D1. The minimum value of 3* that is
attainable will be determined by the aperture either in the triplets or in the TCCM (a copper
block which masks D1 from injection-kicker malfunctions). The constraints imposed by the
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Table 3.1: Integrated luminosity projections at IP8 per year for different values of 8* and settings of the
LHCb dipole polarity (— and +). Results are shown for different target luminosities for levelling, and also
without levelling. The maximum instantaneous luminosity achievable at each setting is also given. The
study assumes a performance efficiency of 50% and a minimum turn-around time of three hours [103].

5* Maximum £ Target levelling £ Fill length Levelling time JLdt

m] [x10%cm™2s71]  [x10% cm~2s7!] [h] [h] (b1 /yr]

-+ - ¥ -+ - ¥
3 1.04 0.78 0.20 81 8.1 8.1 8.1 10 10
2 1.53 1.04 1.00 7.7 7.8 2.8 04 39 31
2 153 1.04 / 7.6 7.8 /43 31
1 2.90 1.66 1.00 75 7.6 6.0 3.5 48 42
1 290 1.66 2.00 73 75 23 0 73 48
1 290 1.66 / 72 75 /o 80 48

TCCM can be loosened if it will be possible to replace it with a new absorber with movable jaws.
During injection the external crossing angle must be applied in the horizontal plane, and the
baseline scenario is that it remains in the same plane at flat top. The value assumed for the
calculations shown in Table is close to the largest feasible, taking into account the limits in
the corrector strength. The preliminary indications are that with this baseline scheme a 8* of 2m
is attainable, while allowing the possibility of inverting the polarity of the LHCb spectrometer.

A possible alternative option would be to switch the external crossing angle into the vertical
plane at flat top [104]. This configuration could allow the value of 5* to be reduced below 2m,
but still above 1 m. Studies are required to assess the feasibility and robustness of this scheme
for operation at high bunch population.

Operation at high luminosity and with small 8* at IP8 will enhance beam-beam effects, which
have the potential to reduce the dynamic aperture and therefore lower the integrated luminosities
from the values given in Table and also degrade the performance at IPs 1 and 5. Detailed
simulations, benefitting from the ever-increasing knowledge of the performance of the current
machine, are underway to answer these questions [105].

3.2 Energy deposition and shielding issues

In order to operate IP8 at high luminosity it will be necessary to insert additional shielding
components for the machine elements, as are already present at IP1 and IP5. In particular a TAS
(Target Absorber) will be required to protect the upstream inner triplet from quenching, and to
limit its radiation dose. Further away from the IP it will be necessary to install TANs (Target
Absorber Neutrals) to shield the recombination dipoles D2 from high-energy neutral particles,
and TCLs (Target Collimator Long) to protect the cold magnets in the matching sections from
collision debris. Modifications are already foreseen during LS2 to allow for 2 x 1033 cm™2s~!
operation. These include the addition of a mini-TAN [106] close to each beam-recombination

dipole. However the protection that these components provide is not validated for higher
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luminosities.

Space constraints make it problematic to insert a TAS on the right side of IP8 (RB86) of
the same design as exists in IP1 and IP5. A promising alternative solution would be to modify
the first compensator dipole (MBXWS) to perform this shielding function also, by filling the air
gap around the vacuum chamber with tungsten [107,108]. With this in place the heating load
on the triplet quadrupoles and long-term radiation dose would be suppressed and approach the
acceptable regime. However the precise values of these quantities will depend on the choice of
crossing angle. On the left side of IP8 (RB84) the additional shielding walls could be modified
to incorporate a TAS element. In this case the impact from the increased radiation levels on
the installed services and tunnel ventilation and access must be evaluated, although preliminary
studies have uncovered no show-stopper. A successful optimisation of the shielding will allow
the lifetime of the quadrupoles to be extended to that of the inner triplets currently in place
at the high luminosity IPs, which is designed to be 300fb~!. These magnets at IP1 and IP5
will be removed during LS3, in preparation for the HL-LHC, and then could be subjected to a
detailed inspection that would yield valuable information for the future operation of IP8 at high
luminosity, and perhaps open the possibility of running beyond the currently accepted lifetime.

It is also necessary to review the shielding configuration of the entire experimental cavern, to
ensure that there is adequate protection for the cryogenic equipment, experimental services and
electronics. Studies are required to evaluate the possible effects of high luminosity operation,
and to find mitigation options.

For the purposes of this document it is assumed that Phase-II operation will be at luminosities

of up to 2 x 103 cm=2s~!, with an annual data yield of 4 to 7 times larger than that of Phase I,
and a cumulative baseline goal of 300 fb~1!.
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Chapter 4

Detector challenges and candidate
solutions

Performing flavour physics at a luminosity of 2 x 1034 cm=2s~! presents significant experimental

challenges. The mean number of interactions per crossing is around g = 50, which leads to
much higher particle multiplicities and rates than is the case for the Phase-1 Upgrade. Radiation
damage also becomes a greater concern for certain sub-detectors. In this chapter these detector
challenges are discussed in more detail and possible solutions are presented. These solutions can
be accommodated within the existing footprint of the spectrometer while maintaining, in general,
the current arrangement of sub-systems. At very high pileup fast-timing information becomes
an essential attribute for suppressing combinatorics and enabling time-dependent CP-violation
measurements, and so this capability becomes a design feature for several detector components.
A number of the proposed changes are intended to provide an improved intrinsic performance,
aside from the gain that arises from the larger data samples which higher luminosity will bring.
Sub-detectors that fall into this category include the electromagnetic calorimeter, and a system
of tracking stations that could be installed on the side-faces of the magnet. The layout of the
Phase-II Upgrade is shown in Fig.

4.1 Vertex Locator

The physics programme of LHCD is predicated on a highly performant vertex detector with fast
pattern-recognition capabilities, excellent vertex resolution and sufficient radiation hardness to
maintain these attributes over the full detector lifetime. The move to the higher luminosity
operation of the Phase-IT Upgrade necessitates the construction of a new Vertex Locator (VELO),
which, as with the Phase-I Upgrade [17], will be based on high-granularity pixels operated
in vacuum in close proximity to the LHC beams. The principal challenges of the Phase-II
Upgrade vertex detector are achieving performant operation in a high pile-up environment, under
high-radiation conditions and with the required readout data rate.

Tracking performance

At an instantaneous luminosity of 2 x 103* cm~2s~!, the average number of visible proton-proton
interactions per crossing in LHCDb is u = 50, producing a total of 1500-3500 charged particles
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Figure 4.1: Schematic side view of the Phase-II detector.

within the LHCb acceptance from the initial interactions alone. These high multiplicities lead to
challenging conditions for track and vertex reconstruction. Using the Phase-I Upgrade VELO
detector design as a baseline, the performance of a number of potential modifications to the
detector geometry and materials has been evaluated at the proposed Phase-II luminosity, and their
effects on the final physics performance studied using full Monte Carlo simulations. Figure
summarises the tracking performance of the baseline (Phase-I) design under luminosities expected
in the Phase-I and Phase-II Upgrade eras. The mean rate of reconstructing ghost tracks in the
VELO alone from spurious hit combinations increases dramatically from 1.6% to 40% for the
increased luminosity, even after tight track-quality requirements are imposed to limit the rate of
these ghosts. There is a corresponding reduction in tracking efficiency, with the integrated value
within the LHCDb acceptance falling from ~99% to ~96%. There is also a modest degradation in
the impact parameter (IP) resolution, driven by the effect of the lowered tracking efficiency on
the primary vertex (PV) resolution.

These losses in performance can be almost entirely recovered with a small number of design
improvements. Most notably, by decreasing the pixel pitch from 55 um to 27.5 um and reducing
the sensor silicon thickness from 200 um to 100 wm, the ghost rate can be reduced back down to
2% while retaining a tracking efficiency of 96%, to choose one working point. Another potential
design improvement would be the reduction of material. In the current and Phase-I Upgrade
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Figure 4.2: Simulated performance of the Phase-1 Upgrade VELO design, with no further improvements,
at the design luminosity (black points) and at the proposed Phase-IT upgrade luminosity (red points): (a)
ghost rate vs. pseudorapidity; (b) tracking efficiency vs. pseudorapidity; (c) IP resolution vs. 1/pr.

designs the VELO sensors are located in a secondary vacuum, surrounded by a thin metal
shield which suppresses wakefields from the beam. This RF foil gives the largest contribution to
the material budget, however alternative designs can be considered, such as a system of wires,
which would reduce this contribution to a negligible value. Such a change would result in a
significant improvement in the IP resolution, particular at lower momentum, and also have the
benefit of reducing the ghost rate even further. Figure [4.3| repeats the tracking performance
plots for these two scenarios: (1) smaller pixels and thinner silicon; (2) these improvements plus
the removal of the RF foil. In both cases the pattern recognition algorithms developed for the
Phase-I Upgrade have been coarsely optimised for the new conditions by scanning the parameter
space for the most important tuneable thresholds. Additional gains are almost certainly possible
from a more comprehensive redesign of the track-finding software. Furthermore, the addition
of fast-timing information, discussed below in the context of vertex association, will also bring
potential improvements in track finding (see e.g. Ref. [109]).

Pile-up and 4D readout

The large number of multiple interactions per beam crossing at Phase-II presents particular
problems for the operation of a heavy flavour experiment. The selection of beauty and charm
hadron samples is based on their flight distance, as determined by the VELO. This measurement
requires the correct association of the production (PV) and decay vertices of the heavy flavour
hadron. Using a Phase-I Upgrade design detector 13% of b-hadron decays would be mismatched to
the wrong PV at an average pile-up of u = 50, which would limit the possibilities to perform time-
dependent CP-asymmetry measurements, as well as increase the combinatoric background levels.
If the time information of the track hit is known within a resolution of 200 ps, a performance
already achieved by NA62 [110], the mismatch is reduced to the current levels (1%). Figure
shows a preliminary study on how this mismatch fraction depends on the time resolution of the
hits. Consequently R&D on achieving high-granularity 4D spatial and timing information in the
VELO in this high-radiation environment is clearly well motivated.
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2x 1034 cm 257!

based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking efficiency vs.
pseudorapidity; (c¢) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.
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Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2 x 1034 cm~2s~!. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2 x 1033 cm~2s~!. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-1 Upgrade VELO.

Radiation environment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve sufficient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-1 Upgrade VELO is only
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52, so regular replacement is not prohibited from financial or construction-effort considerations,
though the access in a high radiation area must be carefully evaluated.

Other considerations

Preliminary discussions are underway on the potential future evolution of the VeloPix ASIC [111],
developed for the Phase-I upgrade, in the framework of the Timepix/Medipix chip family.

The optimisation studies for the design will also investigate the option of installing the
smallest achievable granularity of pixels and additional dedicated timing planes with larger
timing pads. These timing planes would be larger in size than the space-point modules to provide
geometrical coverage with fewer planes.

An R&D programme will be instigated to investigate the challenges and develop the design
of the Phase-II Upgrade VELO. Progress in technology and understanding may allow additional
enhancements to be considered in areas such as pixel granularity, sensor thickness, RF-shielding,
and the utility of an additional magnetic field to eliminate low-p background at trigger level.

4.2 Tracking system

The tracking system of the Phase-I LHCb Upgrade [19] comprises one tracking station (Upstream
Tracker, UT) located upstream, and three tracking stations (T1-T3) at the downstream side of
the magnet. In conjunction with the VELO, these stations provide a high precision momentum
measurement for charged particles, which results in an excellent mass resolution when recon-
structing hadron decays. They also measure the track directions of the charged particles as input
to the particle identification systems, notably the photon-ring searches in the RICH detectors.
The increased occupancies of the Phase-1I Upgrade will require a comprehensive reoptimisation
of the tracking system. Technology considerations are described below but two general design
challenges for the Phase-1I Upgrade tracking design are identified.

e Track segment matching The matching of the correct track segments upstream and
downstream of the magnet must be achieved. This will be addressed through the study of
the layout in the Upstream Tracker and magnet region and the use of timing information

(see Secs. and [4.3.2]).

e Occupancy The higher occupancy in the central region of the detector will be addressed
with finer segmentation in the tracking stations.

In addition, the potential to improve the low-momentum tracking acceptance of the experiment
is considered. This may be achieved through installing a new tracking system on the side walls
of the dipole magnet.

4.2.1 Upstream Tracker

The Upstream Tracker (UT) of the Phase-I Upgrade is an important element in track recon-
struction, and replaces the T'T detector in the current experiment. Tracks in LHCb have long
segments in the VELO and the downstream tracker but these are 7 m apart. The UT provides
space-points that facilitate the effective matching of these track segments in a high multiplicity
environment, reducing the rate of false tracks. The addition of further tracking stations in the
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Table 4.1: Potential layout for tracking stations in the Inner, Middle and Outer tracker (IT, MT and OT)
regions. The IT dimensions are similar to the current LHCb IT. The installation schedule is discussed in
Sec. The SciFi will be modified in LS3 before replacement in LS4.

Outer Surface area Installation
dimension (12 layers) schedule
Beam-pipe hole @ 0.23 m
IT 1.1 x 0.4 m? 3.4 m? LS3
MT 3.2 x 0.8 m? 16.9 m? LS4
SciFi, OT 6.5 x 4.8 m? 340 m? LS2, LS4

Phase-II Upgrade will be studied as part of the overall tracking optimisation. The UT also
significantly improves the momentum resolution of the tracks. Furthermore, the majority of K
and A particles decay after the VELO, and thus the experiment’s efficiency for such channels
is boosted significantly by the presence of the UT. Finally, UT information can be used in the
trigger to reject soft particles and speed up the tracking by a significant factor.

The UT covers an area of approximately 2m? and is composed of four layers of single-sided
silicon-microstrip detectors. The magnetic field bends tracks in the horizontal plane (along the
X coordinate). Therefore, in order to measure the track momentum, the strips run vertically
(Y). The middle two planes labelled U and V are at 5° angles to the vertical in order to provide
stereo measurements, allowing the Y coordinate also to be determined. The majority of the area
is covered with silicon strip sensors of 100 cm? area and 190 um strip pitch, with the central
region using half-length and half-pitch sensors. The increased occupancies and data rates of
the Phase-IT upgrade will mandate a reduced device-segmentation in some regions. For an
integrated luminosity of 300 fb~! a maximum fluence at the innermost edge of the silicon sensors
of 3 x 10" Neg/ cm? is anticipated, rapidly decreasing with the distance from the beam axis. This
is well within the capabilities of established sensor designs, and may also be achievable with
the emerging technology of HVCMOS. Synergy with devices suitable for the inner part of the
downstream tracking stations will be exploited where possible.

4.2.2 Main tracking stations

Both the current experiment and the Phase-I Upgrade utilises three downstream tracking stations
(T1,T2,T3), each composed of four layers of detectors. This sub-system provides the track
segments after the magnet and is thus a primary tracking device of the experiment that provides
momentum resolution for the tracks, in conjunction with the VELO and UT. The detector is a
large downstream tracker covering a surface of 30 m? per layer, and consequently a key challenge
for the Phase-II Upgrade is providing the required performance at a core-cost compatible with
the funding envelope that is envisaged for the experiment.

The current LHCb experiment uses a mixed-technology solution based on silicon-strip detectors
in the inner region and straw-tube detectors in the outer region. The Phase-I1 Upgrade uses
a scintillating-fibre tracker (SciFi) to cover the full acceptance. This is based on 2.5m long
scintillating fibres with a diameter of 250 pm, readout by silicon photomultipliers (SiPM). This
tracking system is expected to be highly efficient during the Phase-I Upgrade [19]. For the
Phase-II Upgrade Inner, Middle and Outer Tracker regions are considered, as shown in Fig. [£.5]
with the dimensions given in Table using a mixed technology solution.
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Figure 4.5: A potential layout for the tracking stations with one layer of the Outer, Middle and Inner
(OT, MT, IT) trackers for the Phase-II Upgrade: (a) the OT region is covered with vertical scintillating
fibres, following the design of the Phase-I Upgrade detector; (b) the IT and MT silicon region, where
one black outlined cell of the IT has dimensions typical of HVCMOS reticles (25 x 25 mm?), and the
540 x 200 mm? red outlined elements of the Middle Tracker can be tiled with sensors similar to those in
the UT of the Phase-I Upgrade.

The future development of the novel and cost-effective scintillating fibres will be a primary
candidate technology for covering the outer region of the tracking stations. The radiation hardness
of the system is likely the primary challenge. Detailed studies for both the SiPMs and the fibres
are required. The SiPMs remain a rapidly developing technology. The fibre performance degrades
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primarily from the change of transparency of the polystyrene and starts to suffer significantly
above 100 Gy. A simulation study will be performed to assess the effect on the tracking system.
The maximum occupancy in the proposed Outer Tracker region at Phase-II luminosities can be
kept similar to that at the inner part of the Phase-1 Upgrade SciFi fibres. The occupancy can
also be reduced, and resolution improved, by using smaller diameter fibres; a modest reduction
to 200 um can already be anticipated.

The occupancy in the hottest areas of the Phase-II tracker necessitates the use of longitudinally
segmented devices in the Inner and Middle regions. Preliminary studies show that partitioning
the Inner and Middle regions within an area of around 1.4 m? would reduce the fake track rate
in the Outer region of the tracker to a manageable level at Phase-II luminosities.

The required radiation tolerance and occupancy conditions at the Phase-IT Upgrade suggest
silicon detectors as the natural candidate technology for the Inner and Middle regions. A vertical
segmentation of the order of a few cm is required in the Inner region. A segmentation of 10 cm is
sufficient in the Middle region. The sensor requirements are comparable with those of the ATLAS
Phase-II Upgrade microstrip tracker for LS3 [112]. In addition to conventional silicon-detector
designs, the application of HVCMOS designs in this region appears promising.

4.2.3 Low momentum tracking: the Magnet Stations

It is desirable to extend the LHCDb tracking acceptance for low momentum particles, in order
to take fuller advantage of the opportunities offered by the HL-LHC. Particles with momenta
below ~1GeV /¢ are swept outside the LHCb acceptance by the magnetic field of the dipole.
These particles leave hits in the upstream detectors of the VELO and UT but the low magnetic
field in this region gives rise to a momentum measurement of poor precision (Ap/p 15 — 20%).
Instrumenting the internal surfaces of the magnet in the bending plane, as illustrated in Fig. [4.6{a),
will allow the momentum of these particles to be measured with similar precision to tracks that
reach the downstream tracker. Coverage of a surface area of around 2m? in each of the four
stations (left/right, top/bottom) is required. Hence these Magnet Stations (MS) would enhance
the capabilities of the detector at a relatively modest cost.

A wide range of topics in the LHCb physics programme would gain from this initiative. Many-
body final states in beauty and charm decays commonly contain one or more low-momentum
particles and thus could be reconstructed with significantly improved efficiency. The expanding
study-area of strange mesons and baryons would benefit due to the low momenta of the products
originating from the decays of these lower mass particles. The reconstruction efficiency will
improve for decays where a final-state particle is produced at or near threshold. This includes
the collaboration’s primary sample of DY mesons, which arise from D* — D%zt decays and are
flavour-tagged for CP-violation studies using the charge of the near-threshold (‘slow’) 7+ meson.
As illustrated in Fig. b) this flavour-tagged charm sample can be increased by ~40% in size
by the inclusion of Magnet Station information. Flavour tagging of B decays using the same-side
kaon tagger will be improved through the access to lower momenta particles from this detector.

The implementation will require careful consideration of the mechanical constraints but
a preliminary study suggests a solution will be feasible. The minimal clearance between the
magnet and the LHCb acceptance is 105 mm. The design must work around the rods and cables
supporting the beampipe. The movement of the magnet coils and yoke under the effect of the
magnetic field must be taken into account.

A promising solution is to construct the detector from scintillating fibres, readout by SiPMs.
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Figure 4.6: (a) the LHCb dipole magnet, with the white outline indicating the area to be covered by this
device. A symmetrical module will cover the opposite face of the magnet. (b) the momenta spectra in
LHCb simulation of slow pions from the decay D* — D%zt that leave hits in the UT, Magnet Stations
(MS) and SciFi.

The SiPMs can be located outside the acceptance at the side of the yoke in a region of lower
neutron fluence, routing the photon signals with clear fibres. This design utilises the extensive
knowledge and experience in the collaboration of this technology and re-use of fabrication facilities
and readout electronics designs. A spatial resolution of the order of a mm is sufficient to obtain
the required momentum resolution. The use of a stereo arrangement of layers will be implemented
to achieve the required Y segmentation. Preliminary studies show that the pattern recognition
will be able to cope with the occupancy in Phase-II Upgrade conditions. The tracks from signal
channels are distributed across the vertical acceptance of the modules, while background tracks
from secondary interactions are predominantly close to the mid-plane of the device. Consequently
a small gap between the chambers, as indicated in Fig. .6 reduces the occupancy significantly.
The expected lifetime of the fibres in Phase-I1 Upgrade conditions is under study.

4.3 Particle identification and downstream fast-timing detectors

4.3.1 RICH system

The RICH system plays a central role in the current LHCb physics programme, and will continue
to do so for both the Phase-I and Phase-1I Upgrades. The challenge of operating in the fierce
environment of 2 x 103 cm™2s~! can be overcome through a natural evolution of the optics,
photodetectors and readout of the existing two-RICH system. The necessary modifications will
take full advantage of ongoing developments in photodetector and mirror technology. Here the
main aspects of the Phase-II system are outlined, with emphasis on RICH 1, where detailed
studies have already been performed. More information may be found in Ref. .

Occupancy is highest in the central region of the RICH-1 photodetectors, rising to around
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30% per pixel per bunch crossing for the current experiment. This value, considered to be an
upper limit for successful pattern recognition, will be maintained in the Phase-I Upgrade by
increasing the focal length of the spherical focusing mirror by a factor /2, hence spreading out
the rings in the imaging plane [18]. The pixel areas of the two systems are similar, being 6.3 mm?
and 6.8 mm? for the current HPDs and Phase-I MaPMTs, respectively. The occupancy can be
kept at the same level during Phase II by employing a photodetector, for instance a SiPM-based
technology, with pixel area of ~1mm?, and further increasing the focal length from 1.9m to
2.0m (larger increases cannot be accommodated within the available space). In order to restrict
the total number of channels, a larger pixel size could be deployed outside the hottest region. A
complementary approach to limit the effective occupancy would be to use a two-bit electronics,
able to record multiple hits, or to use fast-timing information to allow the association of hits to
specific interactions.

From basic assumptions it can be shown that good pattern recognition requires that the
RICH system satisfies the relation (o9 - f) < \/Ap, where oy is the single-photon Cherenkov-angle
resolution, f the focal length of the mirror, and A, the pixel area. The already-discussed
modifications to RICH 1 then imply a requirement of o, < 0.5mrad, which is three times
smaller than the resolution of the current detector, and better than that foreseen in Phase 1.
The contribution to this uncertainty from the finite pixel size will decrease significantly, but
corresponding reductions are also required on the components associated with the chromatic
dispersion and also the spread in photon-emission point.

The chromatic dispersion is more pronounced at low wavelengths, therefore the associated
single-photon Cherenkov-angle uncertainty can be minimised by choosing a photodetector with
a quantum efficiency that is optimised for visible light. SiPMs fulfill this criterion, possessing
typical efficiencies of almost 80% at green wavelengths. This is shown in Fig. in comparison
with the HPDs used in the current experiment, and the MaPMTs that will be installed in
the Phase-1 Upgrade. Such a response would lead to a chromatic uncertainty less than half
that of the MaPMT case. A filter can be employed to reduce this uncertainty still further. A
cutoff at 400 nm would reduce the chromatic uncertainty to 0.18 mrad, while suppressing the
photoelectron yield by a factor of two. It is anticipated that photocathodes with green-peaked
response will also become available for MaPMTs and Micro-Channel Plate (MCP) PMTs, making
these photodetectors suitable technologies for regions in which their pixel size can be matched to
the occupancy requirements.

The emission-point uncertainty can be suppressed by reducing the tilt of the spherical mirror.
The tilts of 316 mrad and 259 mrad in the current and Phase-I detectors, respectively, are chosen to
ensure that the intermediate flat mirror lies outside the acceptance. For the Phase-II experiment
it is proposed to insert a lightweight composite flat mirror inside the acceptance, which will
allow the tilt to be reduced to 140 mrad, thereby reducing the emission-point uncertainty to a
negligible value. Advances in mirror technology, themselves partly driven by the demands of the
evolving LHCb RICH system, mean that it will be possible to construct such a mirror with a
thickness of around 1%X,. Although this mirror will reduce the effective radiator length, the
overall number of detected photoelectrons will remain at an acceptable level. A possible design is
shown in Fig. and compared to that of the current detector. The new design remains within
the footprint of the existing and Phase-I systems. (Although the diagram includes the same
magnetic shielding as is being assembled for the Phase-I Upgrade, this may not be required if
SiPMs, a technology insensitive to magnetic fields, are adopted for the full photodetector plane.)

Table 4.2 compares the contributions to the Cherenkov angle resolution in the current, Phase-I
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and Phase-II detectors. The sum of the three components is also shown, as is the total number
of photoelectrons expected for saturated rings. The RICH-2 values assume similar developments
as have been discussed for RICH 1. It can be seen that for both detectors the intrinsic resolution
can be improved by a factor of three to four, which will both facilitate the performance of the
particle identification and also improve the m—K separation for rings close to saturation.

Fast timing with a resolution of better than 100 ps, as provided by e.g. MCPs (see Sec.
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Table 4.2: Mean number of photoelectrons expected for saturated rings, Npe, and contributions to the
Cherenkov angle resolution for single photons, o, for the current detectors and the Phase-I and Phase-II
Upgrades (numbers from current and Phase I taken from Ref. [114]). The range in Npe, and in the
chromatic and total resolution for RICH 1 in Phase II corresponds to whether or not filters are employed
to exclude the higher frequency light. The RICH-2 Phase-II values are with filters.

RICH 1 RICH 2
Current PhaseI Phase I Current Phasel Phase Il

Npe 32 42 60-30 24 22 30
o~ [mrad]

Chromatic 0.84 0.58 0.24-0.18 0.48 0.31 0.10
Pixel 1.04 0.44 0.15 0.35 0.19 0.07
Emission 0.76 0.37 0.10 0.27 0.27 0.05
Total 1.60 0.78 0.30-0.24 0.65 0.45 0.13

would be a useful attribute, enabling photons to be associated with their correct interaction
vertex. Simulation studies are required to quantify the benefits of such a capability. However, as
will be discussed in Sec. [5.3] coarser resolution than this is also valuable for rejecting certain
classes of background.

4.3.2 Fast-timing detectors: the TORCH

The importance of being able to measure the arrival time of charged particles with a precision of
a few tens of ps has already been discussed within the context of the VELO in Sec. This
attribute is equally valuable downstream of the dipole magnet, with the added challenge that
covering the acceptance of the spectrometer in this region requires a large-area detector of
~30m?. A promising technology for meeting this need is a TORCH (Time Of interally Reflected
CHerenkov light) detector, an innovative time-of-flight (ToF) system based on internally-reflected
Cherenkov light produced by traversing charged particles in a ~1cm thick quartz radiator [115].

A schematic of the TORCH detector intended for LHCD is shown in Fig. It could be
located just in front of RICH 2, at around 9.5 m from the interaction point. The system aims
to achieve a timing resolution of ~70ps per photon, and to collect around 30 photoelectrons
per track, yielding a net precision on each track of ~15ps. Attaining this level of performance
requires that the direction of the incident particles is known to around 1 mrad, which is well
within the capabilities of the LHCD tracking system. Micro-Channel Plate (MCP) PMTs are the
most promising technology for achieving the necessary timing resolution, and meeting the other
requirements of the system. As reported in Sec. there has been good progress in R&D for all
aspects of the TORCH, including MCP development. A half-sized module will be constructed
this year and evaluated in a test beam, and later possibly with collision data on the periphery of
LHCb itself.

Fast-timing information in the downstream region will bring many benefits, including the
following examples.

1. Fast timing will be a powerful and necessary weapon in suppressing the rate of ghost
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Figure 4.9: Schematic of TORCH detector for LHCb: (a) Front-on view of full detector; (b) View
of single module showing focusing block and photodetector plane.

tracks that occur through the mismatching of track candidates found in the VELO and
UT, with candidates found in the downstream tracker, referred to as ‘T-tracks’. Studies
indicate that in events with 50 interactions, when using the matching algorithms developed
for the Phase-I Upgrade, this category of ghosts will reach around 50% of the number
of correct associations. A sufficiently precise time stamp for the downstream candidates
would allow for comparison with the timestamp from the VELO, thereby enabling incorrect
matches from different interactions to be rejected (see Fig. [4.10[(a)). A timing detector
sensitive to the direction of the incident particles, such as the TORCH, would also suppress
T-track ghosts arising from the incorrect association of hits in the downstream tracker (see
Fig. 4.10(b)).

2. Two-thirds of Kg mesons, and a higher proportion of A baryons, decay after the VELO
and so could only be time-stamped by the TORCH. This information would allow these
long-lived particles to be assigned to the correct interaction, thereby reducing combinatorics.

3. The design specifications of the TORCH are such to enable particle identification through
ToF in the low-momentum region of 10 GeV/c and below, which is the threshold for positive
identification of kaons in the C4F1g radiator of RICH 1. Many important topics in the
LHCDb physics programme can be enhanced through the additional discrimination between
pions, kaons and protons that the TORCH will bring in this regime. Examples include
flavour tagging, CP-violation measurements involving high-multiplicity final states, and
searches for exotic hadrons.

It should be noted that the particle identification capabilities of the TORCH will be equally
valuable at the lower luminosities of the Phase-1 Upgrade, making this detector an attractive
project for installation in LS3, as discussed in Sec.

In Sec. fast-timing information is also proposed for the ECAL, obtained from silicon
planes embedded between converter material, in order to suppress combinatoric background for
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Figure 4.10: Categories of ghost tracks that may be suppressed with TORCH information: (a)
wrongly matched VELO-UT and T tracks; (b) wrongly constructed T tracks.

in heavy-flavour studies for 7° mesons and photons. The same detector will therefore provide
fast-timing for charged particles. Further studies are required to ascertain the complementarity
between these capabilities and those of the TORCH. It has also been suggested that the timing
needs of the ECAL could be met by using the TORCH itself as part of the calorimeter system,
situated behind a 1-2 X converter plane, which would give the detector sensitivity to photons.
Again, more studies are necessary to evaluate the feasibility of this option.

4.3.3 Calorimetry

The LHCb physics programme can be widened significantly in scope through installing a higher
performant Electromagnetic Calorimeter (ECAL), and one adapted to the requirements of a
high-luminosity environment. In particular, a rich range of measurements can be performed
with final states involving 7° and 7 mesons, electrons, and photons from loop-level transitions.
There are many examples of individual processes to be studied, so only a short list can be
provided here. In the domain of CP-violation measurements the angle ¢s can be probed with
BY — Jh) 17(/) decays; knowledge of the angle -, which is primarily measured with B~ — DK~
decays, can be improved by including D-meson modes with 7 mesons in the final state (also
valuable for mixing and CP-violation studies in the charm system itself); the angle o can be
measured through an isospin analysis of the decays BY — pTp~ and Bt — pTp°, which thus
far could only be performed at e*e™ machines. Rare decay studies, that until now have been
inaccessible at LHCb, include B? — u*pu~v and hadronic modes such as BT — K*7%. High
quality calorimeter information can be used to suppress D} — n(p~ptvy)utv, decays, which
are an important source of background in the search for 7= — pu™p~pu~. Precise studies of
photon polarisation in radiative penguin decays such as BY — ¢ will be possible, provided
the experiment retains good sensitivity to high-pr photons. Modes with electrons, such as
B - K*%¢te~ and B~ — K ete™, which are currently attracting much attention through
lepton-universality measurements in loop-induced transitions, will remain a high priority. Searches
for pentaquarks and other exotic hadronic states would be greatly enhanced using modes such as
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AI? — nepK ™ and /18 — xegpK ™, to give but two examples.

ECAL requirements and environment

The current LHCb ECAL, of lead-shashlik design, comprises cells ranging in dimension from
4 x 4cm? in the innermost region, to 6 x 6cm? and 12 x 12cm? in the middle and outer regions,
respectively. In order to combat the problems caused by overlapping clusters at high luminosity
it will be necessary to change to an absorber with reduced Moliere radius, such as tungsten, and
adjust the cell size accordingly. A dimension of 2 x 2cm? is a natural choice for the inner region,
with further studies required to optimise the size for the other regions. This cell size also ensures
that the two photons from 7° mesons will form distinct, resolvable clusters in the kinematic
regime where the bulk of b-hadron decays are reconstructed.

A further requirement, driven by the need to suppress combinatoric background when forming
70 candidates and reconstructing b-hadron decays, is fast-timing information. The ability to
measure the arrival time of particles incident on the calorimeter with a precision of a few tens of
ps will allow clusters to be associated to one or a small number of primary vertices, which will
be invaluable in reducing background. The importance of this attribute can be assessed from
Fig. which shows 7¥ candidates formed from resolved photon clusters in Run-2 minimum-
bias data. The spectrum is shown for events in which 1, 2, 3 and 4 primary vertices have been
reconstructed. It can be seen that there is a significant degradation in signal to background as
the pileup increases (as well as a slight worsening in resolution caused by overlapping showers).
Sufficiently precise timing information will allow the combinatoric background from pileup
interactions to be rejected. As discussed below, certain solutions to this problem, for example
fast-timing silicon strips or pads, would also bring the benefit of precise spatial information.

The radiation profile in the calorimeter is highly non-uniform. It peaks in the cells closest to
the beam pipe, and then falls off with an approximate inverse-square dependence. Figure
shows the expected dose as determined with the FLUKA package [116,/117] for the hottest region
of the inner section in cubes of 5 x 5 x 5cm?, plotted as a function of z, centred on y = 0 for
different intervals in . A correction factor has been applied to account for known differences
between simulation and measurements performed after the exposure of Run 1. It can be seen
that the innermost modules will experience a very high dose of around 240 Mrad /300 fb~!. Those
modules lying further away from the beampipe will accumulate much lower doses.

It may be challenging to optimise simultaneously energy resolution, robustness against
radiation damage and cell size. Therefore it is important to ascertain what intrinsic performance
is required from the ECAL to obtain sufficient resolution on the 7% mass. A smearing exercise was
conducted in simulation using photons from inclusive 7’-decays, assuming an energy resolution
of the form op/E = 05/\/E(GeV) ® o¢, with 05 =7 —15% and o¢c =1 — 2% |'| In order to
assess the impact of any improved spatial resolution that may become available, the exercise
has been conducted assuming the use of spatial information from clusters formed in the current
ECAL, and also assuming perfect knowledge of the photon impact point. The results of the
study are shown in Table [£.3] and indicate that with improved spatial knowledge a resolution of
around 6 MeV /c? is attainable, assuming a stochastic term of 10%.

'The performance of the current LHCbh ECAL can be parametrised by the relation op/E = 10%/+/E(GeV) ®
1.5% @ 1%/ E[GeV]sin 0).
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Figure 4.11: Reconstructed resolved 7° candidates in Run-2 minimum-bias data, divided into sub-samples
with different numbers of reconstructed primary vertices (Npy). The mass resolution and signal-to-
background ratio (S/B) is indicated for each sub-sample. The selection requires pr(y) > 300 MeV/c and
pr(mY) > 550 MeV/c.

Table 4.3: Resolutions in MeV/c? on the 7° mass as determined from true 7° — 47 decays in LHCb
simulation, where the photons are subjected to Gaussian smearing on the energy resolution of the form
og/E = o05/v/E(GeV) @ oc. Results are shown for the case where the spatial information on the photon
impact point is obtained from current cluster information, and with perfect knowledge.

Spatial information Perfect spatial

from clusters knowledge
oc oc
s 1% 2% 1% 2%
™% 7.5 8.2 4.2 5.2
10% 8.5 9.3 5.5 6.5
15% 10.5 11.3 8.0 8.9

Candidate technologies for the Phase-II ECAL

A suitable technology to meet the challenging requirements of the Phase-II ECAL is a modular
sampling-calorimeter based on a tungsten or tungsten-alloy absorber. It should be around 25 X
in depth, as is the current detector, in order to contain the electromagnetic showers induced by
particles from b-hadron decays, and hence will be significantly thinner in longitudinal extent
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Figure 4.12: Accumulated radiation dose plotted against z in the vicinity of the ECAL for different
regions of z, all close to the beampipe, at ¥y = 0. The dose is calculated in 5 x 5 x 5cm? cells and
corresponds to an integrated luminosity of 300 fb! at 14 TeV, determined with the detector layout of the
Phase-I Upgrade.

than at present. This attribute brings several benefits, for example improved radiation hardness
due to shorter wave guides. The cell area in the innermost region should be around 2 x 2 cm?;
this small size is again benefial for radiation hardness.

Fast-timing and precise position information will be provided by three planes of silicon pads
or strips, embedded between absorber layers or behind a single converter plane at the front of
the module, or alternatively placed deeper in the detector to benefit from the larger signal at the
shower maximum. The final choice of location requires optimisation with respect to the position
and timing resolution that the silicon provides. Fast timing in a silicon detector operating in a
beam-based experiment has been demonstrated by the NA62 Gigatracker, which has already
achieved a resolution of better than 200 ps |110]. An order-of-magnitude better performance
is aimed for by the CMS forward-calorimeter Phase-II Upgrade, which will use silicon pads
for its active elements [118}/119]. Figure shows the impact of fast timing in LHCb for 50
interactions per crossing, simulating the temporal and spatial distribution of interactions, and
assuming both a 50 ps and a 20 ps Gaussian resolution for each of the three silicon planes of the
ECAL. By placing a one-sigma window around arrival times corresponding to the interaction of
interest, the mean number of incorrect primary vertices giving rise to background hits can be
reduced to 2.7 with 50 ps resolution, and 1.1 with 20 ps.

The requirements on the spatial resolution to be provided by the silicon planes are under
study. In the inner region pad sizes of 1cm? or smaller located towards the front of the module
will provide better sensitivity than the centre-of-gravity of the pure calorimeter clusters, and will
be valuable for improving the resolution of the ¥ reconstruction and in discriminating between
overlapping showers.

The precise design of the module will be decided after an appropriate programme of R&D,
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Figure 4.13: Impact of timing information on assigning ECAL clusters to PVs: (a) number of incorrect
vertices passing selection; (b) efficiency of selection vs. number of incorrect vertices.

the first steps of which are outlined in Sec. The choice of scintillator will be made after a
careful evaluation of the possible effects of radiation. One possible geometry is to embed the
wavelength shifters in chamfers at the corner of the cells, thereby avoiding the need to drill holes
in the tungsten plates. Such an approach, based on the pioneering work described in Ref. [120]
is sketched in Fig. 4.14)a). Another interesting possibility is to dispense with wavelength shifters
and employ clear light-guides to improve the resultant photon yield. These light guides could be
constructed of quartz to improve the radiation hardness of the module. This solution is shown
schematically in Fig. 4.14|Db).

Modules constructed of small tungsten cells, and containing silicon planes, are expected to
be rather robust against radiation damage. The exact sampling ratio of the cells need to be
studied, such that this robustness is optimised whilst at the same time satisfying the resolution
requirements discussed above. It may be necessary to plan for the replacement of the innermost
modules after a couple of years of data taking. This operation will be relatively straightforward
in LHCDb thanks to the detector’s open geometry, although dedicated tooling will need to be
developed.

Hadron calorimeter

The primary purpose of the Hadron Calorimeter (HCAL) is to give input to the hardware-trigger
decision in the current detector, and also the so-called LLT (low level trigger) of the Phase-I
Upgrade. However the LLT is only expected to be required in the early years of Run 3, when
the HLT is still being commissioned, and hence the HCAL can be removed after this period. As
described in Sec. the liberated space can be used for augmenting the muon filter.

4.3.4 Muon system

The muon system for the Phase-1 Upgrade will consist of four stations, labelled M2 through to
M5, equipped with MWPCs. Station M2 is located directly behind the calorimeter and the other
three stations are embedded in the muon filter, as shown in Fig. FEach station is divided
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Figure 4.14: Two possible designs of a Phase-II ECAL module: (a) inspired by the sampling tungsten-
scintillator calorimeter developed for CMS [120]; (b) including a clear light guide, and no wavelength
shifting fibres.

into four regions, R1 through to R4, with the highest particle flux being in R1. The main changes
with respect to the current system are the removal of station M1, needed only for the hardware
trigger, new off-detector readout electronics, and additional shielding in the beam-pipe region.
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Figure 4.15: (a) Side view of the LHCb muon system for the Phase-I Upgrade. (b) Station layout with
the four regions R1—R4 indicated.

At a luminosity of 2 x 1034 cm™2s~! the maximum rate in M2R1, the region of highest flux,
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would reach 6 MHz cm ™2, with an average rate of about half this value. The maximum rates
in the other critical regions would be around 1 MHzcm ™2, 2 MHz cm ™2 and 0.3 MHz cm ™2, for
M2R2, M3R1 and M3R2, respectively. Such conditions would lead to unacceptable dead time
with the current chambers.

The high flux can be suppressed by replacing the HCAL with additional shielding. The full
HCAL system occupies a depth of 1.7m, and corresponds to 5.6 interaction lengths. Filling this
space with iron would increase the material in front of M2 by an extra 4.4 interaction lengths.
This additional shielding would suppress the rates in the muon chambers by around a factor two,
while raising the minimum momentum for muon identification by about 1 GeV /c.

In addition to the extra shielding, new chambers will be required in the hottest regions with
their own customised frontend electronics. The requirements on these chambers are to sustain a
rate of up to 3 MHzcm ™2, high efficiency, and operational stability for an accumulated charge
of 6 C/cm? over 10 years of operation. The size of the logical pads will need to be two to four
times smaller than those of the current detector, being 0.6 x 0.8 cm? in M2R1. A promising
technology is the micro-resistive WELL detector (u-RWELL) [121], a novel MPGD which has
good prospects for satisfying all of these criteria. In the lower flux regions of M2R3 and M2R4 a
modified MWPC with pad readout is a possible solution. Moreover, a robust consolidation phase
is to be anticipated for the rest of the detector, with the replacement of MWPCs and frontend
electronics that have degraded through ageing.

4.4 'Trigger and data processing

The removal of the hardware trigger, and the consequent readout, event-building and processing
of all interactions at the crossing rate of the LHC, is the distinguishing paradigm shift of the
Phase-I Upgrade. The trigger and online scheme for this project is detailed in Ref. [20]. A
fully software-based trigger brings maximal benefits in terms of efficiency and flexibility for
physics performance, and hence will be retained for Phase-II operation. No fundamental change
in architecture will be required for the online system, where the increased data rate can be
accommodated by the addition of new links, readout boards and servers. If the throughput rate
exceeds a critical value then re-designs of the readout board and event builders will be required.

The strategy for the software and the computing of the Phase-I Upgrade are currently
under development, and will be presented in a Technical Design Report (TDR) at the end of
2017. One key aspect of this programme is the design of a new event model and thread-safe
software framework, which will enable the experiment to make full use of modern multicore
processors. The possible deployment of GPUs, accelerators and other highly performant new
processor-technologies is also under active consideration.

The order-of-magnitude growth in data volume for Phase-II operation, and consequent
increased demands in processing power and offline storage, will present significant challenges. It
is expected that these can be largely met by the solutions adopted for Phase-I, which will be
flexible and scalable, in conjunction with the steady advances in computing hardware that will
take place throughout the 2020s. A thorough assessment of the requirements and effectiveness
of candidate solutions will be made once the Phase-1 Software and Computing TDR has been
written. One important ingredient in this study will be to assess the beneficial impact of fast-
timing information, which will help in speeding-up reconstruction through the suppression of
combinatoric background and wrong associations.
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Chapter 5

Next steps

Establishing solutions to the challenges of running at high luminosity requires a programme of
focused detector R&D, accompanied by appropriate simulation studies. Although high luminosity
operation will not begin until after LS4, it is sensible to construct a project plan that takes full
advantage of the two and a half years of shutdown scheduled for LS3. In some cases detector
modifications, and even installation of new components, can be envisaged that will already
bring physics gains for the second period of operation at 2 x 103 cm~2s~!. Furthermore, the
experience gained from modifying and then operating even restricted regions of the detector, for
example parts of the RICH-1 photodetector plane or a single VELO station, will be invaluable
in preparing for the full Phase-2 Upgrade. Finally, the long duration of LS3 provides an ideal
opportunity for executing large-scale and time-consuming work, for example the replacement of
the HCAL with an additional muon filter, or the installation of new machine elements, such as
TAN and TAS shielding.

In the following pages R&D plans are sketched out for each sub-system, together with possible
goals for LS3. In most cases these goals are relatively modest, and so well-matched to the
restricted level of resources that are available on this timescale. Several larger-scale projects
are proposed, and here a priority list will be established after further studies of the physics
benefits, and discussions with the relevant funding agencies. It is already evident, however, that
a replacement of the most critical regions of the ECAL is required at this time due to radiation
damage, and that significant gains to the physics reach of the experiment can be achieved by
upgrading with a higher-performant technology. Hence this activity can already be considered a
necessary project for LS3. The complete list of activities currently under consideration, and how
these would evolve for full Phase-2 operation, is given in Table

Responsibilities have been assigned within the sub-systems in order to oversee the R&D
programmes leading up to LS3. Studies performed this year will allow a ‘Framework Technical
Design Report’ providing detailed planning to be presented in the near future. More information
on selected projects will be made available in separate documents, depending on the scale and
complexity of the LS3 goals.

In parallel with work on the detector design it is essential that machine studies continue on
the best approach to operating IP8 at high luminosity, and the radiation implications for the
machine elements and the experimental cavern. Close collaboration will be maintained between
LHCb and the accelerator experts in order to achieve progress in these areas.

40



Table 5.1: Summary of the modifications under consideration for LS3, and those for Phase-1I (LS4).

Priorities will be assigned for the LS3 activities after further studies.

Detector LS3 Phase-I1

VELO Deployment of prototype modules  New detector with fast timing

Tracking Insert silicon IT, modify SciFi; Silicon UT and IT, SciFi OT
install MS

RICH New photodetectors for selected New optics; full replacement of
regions; use of timing information  photodetectors

TORCH Installation for low-p Higher granularity photodetectors
hadron identification

CALO Tungsten sampling modules New modules in middle and outer regions
installed in inner region

Muon Replace HCAL with iron shielding; Complete chamber installation

installation of high-rate chambers

Adiabatic software improvements;
review of offline processing;
installation of downstream
track-finding processor

Trigger and
data processing

Expansion /replacement of links,
readout boards and servers

5.1 VELO

The VELO system will be replaced in LS4 for the Phase-II Upgrade. Major modifications are
not anticipated in LS3 and the system designed for the LHCb Phase-I Upgrade is expected
to perform with high efficiency throughout Runs 3 and 4 [17]. If available on the timescale
of LS3, the opportunity would exist to incorporate prototype detectors in available slots in
the VELO, mostly likely in two stations backwards of the nominal interaction point. These
detectors would allow a technology test in the LHC environment and provide timing information
that would be beneficial for primary-vertex reconstruction during the second period of Phase-I
operation. Valuable experience would be gained, without the need for significant modifications
to the detector cabling and services.

The preparation of a radiation-hard VELO system utilising timing information and potentially
incorporating advancements such as smaller pixels and operation without an RF foil, as described
in Sec. 4.1} will be a highly challenging project requiring R&D on a range of elements. The
critical components of the R&D programme towards the Phase-11 detector system are described
below.

41



Design studies

Simulation studies will be performed to direct the technology development programme. The
relative advantages of timing performance and reduced pixel size must be evaluated, as there will
be an inevitable trade-off between these factors in the ASIC design. The VELO is a principal
element of the tracking and its design will be studied as part of an overall optimisation of the
Phase-II tracking system. The potential benefits of adding a further dipole field in the VELO
region will also be evaluated.

ASIC

The Phase-I Upgrade VeloPix ASIC is based on 55 x 55 um? pixels, designed in an 130 nm CMOS
process. It uses 25 ns timing resolution to associate hits to their LHC beam crossing. It provides
continuous triggerless readout with binary hit information and has a maximum data rate of
20 Gbps.

An ultimate ASIC for the Phase-IT Upgrade would have timing resolution better than 200 ps
per pixel. The pixel size would be reduced; an aggressive goal would be to aim at a quarter area
of the current pixels, 27.5 x 27.5 um?. Continuous triggerless readout would again be required,
consequently leading to a maximum data rate of up to 200 Gbps, depending on the inner radius
of the system. Development of such a chip has synergy with future trends in ASICs developed for
medical applications, in particular tomography scans, protein crystallography, powder diffraction
and high resolution X-ray imaging. The Medipix collaboration is embarking on the design of a
Timepix4 chip, which may share a number of the features that are required for this Phase-II
Upgrade ASIC. This Timepix4 will be designed in the 65 nm CMOS process. This smaller feature
size allows the analogue front-end size to be reduced somewhat, but the digital design will require
more space to allow timing information to be included. It seems feasible that a reduction of the
pixel size in this process to 40 um may be achievable.

Two approaches are possible for the timing: either to integrate the Time-to-Digital Converter
(TDC) together with the analogue front-end directly in the pixel cell, or to send the discriminator
signal to the end-of-column area outside the pixel matrix. The first solution has the advantage
of a direct evaluation of the timing without further transmission, while the second requires
a distribution of a precise clock inside the pixel matrix. Time-walk compensation will be
essential, via a Constant-Fraction-Discriminator or Time-Over-Threshold technique, bringing
further complexity to the pixel cell. The ADCs will operate at speeds of 50 GHz or above, and
suitable techniques must be found to limit the power consumption. The global ASIC design
will be modelled around an approach of grouping the pixels into larger superpixel clusters, with
alternating digital and analogue circuits. This will allow the sharing of resources and data
compression on the pixel level, while isolating the circuits from each other. It will probably be
advantageous to incorporate Through Silicon Vias (TSVs) into the fast ASIC design, facilitating
access to the pixels and simplifying the overall hybrid assembly. It will be of great interest to
include an interposer layer between the ASIC and the silicon, allowing for differences in pitch or
layout between the sensor and the ASIC segmentation. This may permit the data concentrators
to be placed in subsections of the chip, easing congestion, as well as allowing an even pixel size
on the sensor with no need for elongated sections.
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Figure 5.1: Test-beam results of the silicon pixel detector developed by NA62. Average time resolution,
as calculated with two methods, is shown as a function of sensor bias-voltage across all pixels in the device.
Reproduced from Ref. [122].

Sensor

Achieving simultaneous timing and spatial resolution characteristics from the pixel sensors at
high irradiation-levels requires dedicated R&D. The sensor must provide a signal capable of
matching the speed available from the electronics. The baseline solution will remain a thin,
highly-segmented device. Thin detectors will optimise the slew rate, allow for high electric fields
and give the best radiation-hardness performance. The finely-segmented pixels will provide the
necessary position resolution, in particular after irradiation, and present the lowest capacitances
and leakage currents to the readout electronics. Detector operation in electron collection mode
will be mandatory. Conventionally designed silicon sensors may provide a reasonable resolution
for this application, as demonstrated by the NA62 collaboration [110] and shown in Fig. R&D
studies are required to investigate how the timing performance evolves after heavy irradiation. In
order to achieve more ambitious timing resolutions below 100 ps it may be necessary to adopt an
engineered approach. Dedicated designs such as Low-Gain Avalanche Detectors (LGAD) [123]
function by adding an extra doping layer to the readout side, providing an avalanche region to
boost the signal. A best performance of 27 ps has recently been achieved for a 1.4 x 1.4 mm?
pixel size [124] using a Silicon-on-Insulator (SoI) design and a 50 um thin sensor. The additional
gain of the LGAD detectors is not currently robust against irradiation. Alternative approaches
use as a baseline epitaxial or micro-machined (3D) technology sensors |125]. The development of
such sensors combining high spatial resolution and timing is of benefit across a wide range of
high energy physics experiments, and significant work is already underway in the context of the
CERN RD50 collaboration and elsewhere.

A schematic showing a possible layout of a hybrid pixel-sensor detector is shown in Fig. [5.2
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Figure 5.2: Conceptual layout illustrating the technologies that will be explored for the fast-timing
hybrid pixel module.

Mechanical system

There are two critical challenges for the VELO mechanical system that require dedicated
programmes of R&D.

The first relates to the RF foil, that is the thin corrugated aluminium shield which encapsulates
each detector half. The RF foil serves to minimise electrical coupling between VELO components
and LHC beams and provides a surface free of abrupt changes in geometry which would generate
heat and peturb both the VELO electronics and the beam parameters. It also provides a
non-evaporable getter (NEG) coating, which contributes to the control of dynamic vacuum effects
and separates the high-vacuum region of the LHC beam-pipe from the volume containing the
detectors. The RF foils are the single largest contributor to the material in the VELO and
of particular importance as the foil is before the first measured point. Solutions which reduce
the material contribution of the foil, by extending the thinning programme already underway
for the Phase-I Upgrade, or using alternative materials such as CFRP composites may enable
a reduction of material. Based on the experience gained with LHC operation, it may also be
possible to consider alternative solutions, such as a system of wires or an ultralight tube to guide
the beam mirror currents, combined with with local cryo-pumping to remove outgassing.
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The second critical mechanical challenge is to design into the system from the outset the
ability to gain relatively easy access to the silicon sensors. The radiation environment is such
that replacement, or rotation to more or less irradiated positions, of silicon sensors is a likely
corollary of Phase-II operations, in particular in the light of the need for radiation hardness for
both the spatial and timing performance of the sensors. In the current mechanical system access
to the sensors is not foreseen on a regular basis and requires a complex and time-consuming
intervention procedure. In Phase-II the sensor-base mounting, vacuum boxes and mounting of
the electronics and services must be designed under the assumption of facilitating access to the
silicon modules in End-of-Year Technical Stops.

5.2 Tracking system

The LHCD tracking system for the Phase-I1 Upgrade comprises detectors upstream and down-
stream of the LHCb magnet, and utilises silicon and scintillating-fibre based detectors. During
LS3 there will be an opportunity to install selected components of this system, which will improve
the physics reach of the Phase-I Upgrade. Plans are outlined below on the assumption that this
attractive option will be adopted, although variations on this approach can be envisaged. There
are significant synergies between the R&D programmes required for each sub-system.

Goals for LS3

The mixed technology solution of the downstream tracking stations naturally suggests a staging
scenario for construction, making optimal use of the LLS3 shutdown. The performance of the
tracking system in the Phase-I Upgrade will benefit from the addition of the Inner Tracker in LS3.
This will improve the performance of the detector through the reduction of the false-track rate,
increased track-finding efficiency and potential improvements in the speed of track reconstruction.
Furthermore, a small very inner region of the LHCb acceptance which remains uninstrumented
in the Phase-I Upgrade SciFi design could be recovered, leading to an additional gain in track
reconstruction efficiency.

The design shown in Fig. respects the module dimensions of the Phase-I Upgrade SciFi.
The Middle Tracker spans the width of six SciFi modules, the Inner Tracker two modules.
Sufficient fibres may be available from after the current Phase-I Upgrade construction to allow
the necessary fibre mats to be made in readiness for the insertion of the Inner Tracker in LS3.
The Middle silicon tracker and revised tracker for the Outer region will then be constructed for
insertion in LS4, in readiness for Phase-II Upgrade operation.

The primary elements of the required initial R&D programme are described below. The
proposed Magnet Stations, based on scintillating fibre technology and intended to extend the
low momentum particle tracking capabilities of the experiment, are also to be installed in LS3.

Design studies

A comprehensive optimisation study of the tracking detectors for the Phase-II Upgrade will be
performed, informing the design of the upstream and downstream tracking regions, optimised
in tandem with that of the VELO. The key performance parameters are: the efficiency of the
track finding procedure inside the LHCb acceptance and the corresponding rate of ghost tracks;
the precision of the reconstructed track momentum; the precision of the reconstructed track
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impact parameter; and the speed of the pattern-reconstruction and track-finding algorithms.
The optimisation will also incorporate the effects on particle identification, notably on the
determination of track slopes for the RICH and TORCH detectors, and the reconstruction
efficiency for the relatively long-lived K and A particles which predominantly decay outside
the VELO acceptance. Design drivers of the performance include the occupancy of the tracking
detectors and the matching of track stubs in the upstream and downstream elements of the
tracking system. These are controlled by the granularity of the designed system and the potential
for time tagging (see Sec. to complement the high spatial and time resolution anticipated
for the Phase-II Upgrade VELO. The number and location of the stations will be revisited to
ensure good matching between the VELO, UT, MS and IT/MT/OT regions. Detailed designs
for the Magnet Stations will also be produced, determining the resolution, occupancy and light
yields anticipated in the fibres and the corresponding effects on the track-finding efficiency.

High granularity silicon detectors

The inner part of the Phase-II Upgrade UT and the IT will require the granularity of short strips
and this is where the initial research will focus, as these sensors will be required for IT installation
during L.S3. The requirements are matched by existing silicon sensor technologies. In addition
to conventional short microstrip sensors the emerging technologies of High Voltage (HV)/High
Resistance CMOS may be applicable and an R&D programme on this technology is proposed.
CMOS based devices now dominate the market for image sensors and large scale production
capacity is available at significantly lower cost than for the standard silicon devices currently used
in high energy physics. These CMOS detectors can combine detection and processing capabilities
in a single lower cost and thinner device, allowing higher resolution systems for the same number
of readout channels. Monolithic active pixel sensors combine the sensor and processing in one
integrated device, while CMOS active sensors can include the sensor and analogue processing in
the sensor while connecting to an external chip for the digital elements of the processing. The
CHESS HV-CMOS R&D programme [126] of the ATLAS experiment has demonstrated low noise
(< 100 e™) sensors with a granularity exceeding that required for LHCb, and most critically
has demonstrated the radiation tolerance at the level required for the LHCb Phase-II tracking
application.

Scintillating fibres

The installation of the Inner Tracker in LS3 requires the construction of the corresponding
shorter fibre modules for the Scintillating Fibre tracker to accommodate this system. It is
anticipated that this construction will occur directly after the completion of the construction
for the Phase-1 Upgrade. The construction will thus fully benefit from the production and
quality-control expertise and infrastructure and provide consistency with the remaining elements
of the tracker. T'wo of the ten or twelve modules in each layer of the SciFi will be prepared to
allow the modifications to occur in LS3.

The design and preparation of the Magnet Stations is also proposed to be based on this
technology. The additional technique required in the production of this detector is the join of the
scintillating fibres to clear fibres, which is a well-established procedure. The clear fibres route the
photons to the SiPMs which are located in a low-background region at the side of the magnet
yoke.
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The existing R&D programme of the collaboration on scintillating fibres will be continued to
facilitate the development of the Phase-II Upgrade Outer Tracker. The radiation tolerance of
the SiPM is a key element of this programme. The SiPM radiation damage (dark count rate)
is proportional to the 1 MeV neutron fluence. The radiation damage is mitigated by cooling,
and the Phase-I Upgrade system is cooled to -40°C. It may be possible to operate at somewhat
lower temperatures, with -50°C a realistic target. The neutron shielding of the system can be
further optimised. In addition there are hopes that the light yield of scintillating fibres suitable
for LHCDb applications will continue to improve, and so the existing close collaboration with
industry for both fibres and SiPMs will be maintained. The light attenuation after irradiation
requires a dedicated simulation-study to guide the overall system design. The utilisation of fibres
with smaller diameters will also be considered. These have a shorter attenuation length, are
likely to be more affected by quality control issues in the variation of the diameter (‘bumps’),
and are more delicate in handling and winding. Hence it is currently envisaged to employ fibres
with only a modest reduction in diameter, and indeed the thinest fibre currently produced by the
manufacturer of the SciFi fibres is 200 um. Large area scintillating-fibre trackers are a relatively
new technology for high energy physics and further improvements can be anticipated on the
timescale of the Phase-1I Upgrade.

5.3 RICH system

It will not be feasible to implement any significant changes to the optics of the RICH system
during LS3, however replacement of a limited, but critical, region of the photodetector plane can
be envisaged, along with minor changes to the readout. These modifications would both improve
the particle identification performance during Run 4, and constitute important intermediate
steps towards the full Phase-II detectors.

As shown in Fig. there are two symmetric regions in the RICH-1 photodetector plane,
each of approximately 50 x 25 cm?, where the occupancy is significantly higher than elsewhere.
Long Shutdown 3 provides an ideal opportunity to replace the MaPMTs in this vital area (or a
horizontal band encompassing this area) with a first iteration of the photodetector that will be
used in the Phase-II Upgrade. If the chosen technology is SiPM based, the greatest challenge
will be to integrate the necessary cooling services within the existing space. The new device will
have improved granularity and a photocathode that exhibits highest sensitivity in the visible
spectrum. As can be seen from Table the pixel and chromatic uncertainties will dominate the
photon resolution for the baseline Phase-I RICH-1 counter. The new devices will therefore allow
these uncertainties to be reduced in the most important regions of the photodetector planes, and
also significantly reduce occupancy, thereby benefiting the overall performance. The experience
gained will be invaluable in optimising the final version that will be installed during LS4. The
LS3-installed devices can then be moved to the outer regions of the photodetector plane.

It should also be noted that within the next few years new versions of the Phase-I MaPMTs
are expected to become available, also with photocathodes optimised for the visible spectrum.
These tubes are natural candidates for populating the lower occupancy regions of the two RICHes.
In Run 4 it will be possible to install a limited number of these devices and evaluate their
performance during operation.

During LS3 it is intended to modify the existing frontend electronics to reduce the readout
gate from 25ns to ~1ns. The motivation for this change is apparent from Fig. which shows
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Figure 5.3: Simulation of the photodetector planes for the Phase-I MaPMT-equipped RICH 1, showing

occupancy per bunch crossing at an instantaneous luminosity of 2 x 1033 cm~2s~!. The black boxes

indicate the regions that could be replaced by new photodetectors during LS3.

the arrival time of photons at the photodetector plane, according to Monte Carlo simulation,
integrated over many events. The photons from the single particles arrive coherently within
a fewns. There is significant background at different times, however, from photons directly
impinging on the detector plane, secondary reflections, scintillation light and from out-of-time
particles. By selecting those photons in the signal window it is estimated that the signal-to-
background ratio can be enhanced by almost a factor two, thereby improving the performance of
the pattern recognition for the Phase-I system.

A vigorous R&D programme will now begin to develop the photodetectors, readout and
mirror technology necessary for high luminosity operation, with the intention of implementing
the above improvements during L.S3, and being ready to evolve towards the fill Phase-II RICH
system a few years later.

5.4 TORCH

The attributes discussed in Sec. [£.3.2] that make TORCH an exciting proposition for LHCb
operation at luminosities of 1034 cm™2s~! can also be exploited during the Phase-I Upgrade era,
in particular its low-momentum particle-identification capabilities. Hence it can be considered
as an attractive potential project for installation in LS3. To this end, R&D is already well
advanced , in readiness for a full proof-of-principle by the end of 2018.

As a first demonstration of the TORCH principle, a scaled-down prototype of a TORCH
module has been constructed, shown in Fig[5.5] The optical components of this small-scale
demonstrator constitute a quartz radiator plate of dimensions 350 x 120 x 10 mm? and a focusing
block, read out by a single customised MCP photodetector. The anode pad structure of the
MCP has been designed by an industrial partner, Photek UK, with a granularity of 128 x 8
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Figure 5.4: Simulation study showing arrival time, with respect to the pp interaction, of photons at the
photodetector planes of RICH 1 and RICH 2. The events have been simulated with the current geometry
at a luminosity of 2 x 1033 cm 257!,

effective pixels, suitable for for operation at Phase-I luminosities, over a 2-inch square tube.

Figure 5.5: The small-scale TORCH module demonstrator: (a) the TORCH radiator and optics mechanical
vessel; (b) the MCP photodetector and readout electronics.

The final MCP PMTs will have square format with high active area (> 80%), have radiation
tolerance (integrated charge) beyond 5 Cem ™2 using an Atomic Layer Deposition (ALD) technique
, and an excellent intrinsic time resolution of ~30 ps . The tube has 64 x 64 pixel
pads of dimension 0.75mm wide on a 0.88 mm pitch. In order to achieve 128 x 8 effective
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granularity, eight pixels are connected together in the coarse direction and charge sharing is used
between pads in the fine direction. This also halves the total number of readout channels. The
MCP is read out by customised 32-channel electronics which provides a time and amplitude
measurement [130], crucial for achieving the desired timing and spatial resolution of the TORCH
detector.

The demonstrator has been tested in the CERN T9 test-beam, and the performance of
the MCP and readout electronics evaluated. An MCP hit map from 5GeV/c incident pions
is displayed in Fig[5.6] showing the arrival time of detected Cherenkov photons as a function
of position in the MCP column. The curved lines show Monte Carlo expectations. The three
distinct regions of the distribution correspond to zero, one and two reflections, respectively,
off the side edges of the radiator plate as the photons propagate to the focusing block. The
time-projection measurements from these data show that a resolution of ~85 ps is achieved after
corrections have been made for time-walk effects, the integral non-linearity of the TDC, and
quadrature subtraction of the start-time uncertainty . The measurements are close to the
70 ps that has been targeted for single photons.
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Figure 5.6: TORCH testbeam results: (a) arrival time of detected Cherenkov photons as a function of
position in the MCP column; (b) projected time distribution.

A half-length TORCH module is currently under construction, following on from the successful
experience with the demonstrator. This module will have a single 1250 x 660 x 10 mm?® quartz
radiator plate, and a focusing block which accommodates ten MCP PMTs of the final design.
The radiator plate and focusing block have been ordered from industry. All ten MCPs and
readout electronics will be delivered in the first half of 2017.

Following beam-tests which will proceed towards the end of the year, it is proposed to install
the TORCH half-module in the LHCb experiment during the 2017/18 End-of-Year Technical
Stop. A candidate location, shown in Fig[5.7] is adjacent to the electromagnetic calorimeter.
Here the module will see low-momentum particles bent at large angles by the dipole magnet,
without impinging on the acceptance volume typically used in physics analysis. The priority will
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be to test the time-of-flight particle identification capabilities of TORCH, however there is also
the possibility to investigate its capability to time photons, by placing ~1 Xy of lead in front of
the module.

Candidate location for
’ the TORCH module

Figure 5.7: A possible location of the TORCH half-sized module in LHCb.

In looking ahead to the next steps required to build a TORCH detector for installation in
LHCD in LS3, one important consideration is the procurement of the quartz radiator for the
full-scale detector. This could naturally follow the design of the current prototype module, but
an alternative option is to re-use some of the radiator bar-boxes from the BaBar DIRC detector,
which are currently in storage at SLAC. They have the required length, but are composed of
smaller bars which would require suitably adapted optics . The project has the exciting
opportunity to borrow one such bar-box and, if it were to yield satisfactory results, the option of
requesting an additional seven bar-boxes remains open, which would be sufficient to instrument
around two-thirds of the TORCH area in LHCb.

5.5 ECAL

As already reported in the TDR for the Phase-I Upgrade of the particle identification systems ,
the innermost 32 modules of the ECAL will have suffered severe radiation damage by the time
of LS3, and therefore need replacing. In that document it was stated that spare modules of
the same design, which already exist, would be installed during this Long Shutdown. It is
now proposed to replace the entire inner region with high granularity tungsten-based modules
equipped with fast-timing capabilities and excellent spatial resolution, as discussed in Sect. [£.3.3]
The inner region is marked out in Fig. and would require around 175 modules to populate,
each containing 36 cells of 2 x 2cm?. Depending on the module design, it might be possible to
install the pure calorimeter elements first, and leave the timing planes for insertion in a later
shutdown, although it is preferrable to have full functionality in place for Run 4.

In addition to installing a high performant new technology in the most critical region of the
ECAL, other modifications can be implemented at low cost that will improve the overall physics
reach of the experiment. The modules removed from the inner region that are still functioning
well, and the available spares, can be re-deployed in the middle region, and the middle-region
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Figure 5.8: Distribution of occupancy across current ECAL. The solid lines indicate the inner, middle
and outer regions. The dotted horizontal lines indicate the region that could be modified during LS3.

modules in turn placed in the outer region (if necessary, it will be possible to manufacture
additional modules at the original production centres). This rearrangement of modules would be
performed in the horizontal band in which the particle flux is highest, and hence would reduce
the occupancy throughout. This scheme is sketched in Fig.[5.8] In b-hadron decays to final states
involving a single 7 meson emitted within the acceptance, the photons fall into this horizontal
band with around 50% probability. The timing information that will become available in the
inner region will suppress with high efficiency background from pile-up interactions during the
1 =5 operation of Run 4. Therefore, the proposed intervention will both lay the foundations for
the full Phase-II ECAL, and also bring a significant improvement in physics performance for
Run 4, which will be invaluable in preparing the physics programme of the high-luminosity era.

Initial R&D will pursue in parallel the pure calorimeter aspects of the module design, and
also the fast-timing capabilities provided by the silicon planes. Concerning the former, the first
priorities will include the optimisation of the scintillating-light output and the performance
of different scintillators and light-guide materials; the construction of module prototypes and
evaluation in test beams; and radiation hardness tests. The silicon studies will focus on
performance versus different wafer thicknesses and geometry, the evaluation of various readout
solutions, and the optimal location of the planes within the module.
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5.6 Muon system

The extended time available during L.S3 provides an ideal opportunity to dismantle the HCAL
and replace it with additional iron shielding, in order to reduce the rates in the muon system.
Either custom-cut iron slabs may be purchased, or existing material may be adapted for this
purpose. A promising possibility is to make use of the iron slabs from the magnet of the OPERA
experiment at Gran Sasso underground laboratory . There are a sufficient number of OPERA
slabs to meet the needs of LHCb, and preliminary engineering designs indicate that with some
re-machining they are suitable for the muon shielding. One possible scheme is shown in Fig.
INFN have been notified of this interest.

Figure 5.9: A possible design of the new muon filter, making use of the iron slabs from the OPERA
magnet.

Test beam studies are already underway of u-RWELL detectors in the framework of INFN
R&D on new detector technologies. The preliminary results are very promising, showing a
rate capability, as measured with X-rays, up to several MHz/cm? with very limited gain loss
(see Fig. , and a time resolution around 5ns. This year prototypes will be designed and
constructed suitable for operating in the very high-rate of region of M2R1 during the Phase-II
era. The development of a customized frontend electronics is also under consideration, based on
the VFAT3 front-end ASIC designed for the CMS GEM detectors. It is feasible that new
chambers could be installed already during LS3. Simulation studies have begun to understand
the benefits in physics performance from the improved chambers, and the effect of having the
shielding installed already for 2 x 1023 cm™2s~! operation in Run 4.
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Figure 5.10: Rate capability of u-RWELL detectors, measured with X-rays, at a gain of 4000 and using
an Ar/iC4H10=90%/10% gas mixture, for different values of surface resistivity.

5.7 Trigger and data processing

Although the trigger strategy of both the Phase-I and Phase-II Upgrades will remain firmly
software based, studies are underway to learn what benefits could accrue by adding dedicated
processors to help solve specific low-level tasks. One example is to find tracks downstream of the
magnet at the earliest trigger level. This capability is not part of the baseline trigger scheme,
as proposed in Ref. [20], on account of the significant CPU time required to execute the search.
Not having access to this information limits efficiency for decay modes with downstream tracks
that cannot easily be triggered through another signature, for example channels containing a
Kg meson and less than two prompt charged hadrons, for example D° — KgK(SJ, D — Kg7r+,
Dt — KgK T ete. The same is true for decays involving A baryons and long-lived exotic particles.
A system of specialised processors may be used to find rapidly the downstream tracks through
look-up tables, and present these tracks to the software trigger in parallel with all the raw detector
information in the event [135]. This ‘retina’ scheme, shown schematically in Fig. [5.11|(a) can be
run in a manner compliant with the online architecture and, if demonstrated to bring significant
physics benefits, could be considered for installation in LS3. An ongoing R&D programme has
already demonstrated the feasibility of fast track-finding with such a processor-based approach.
Figure [5.11|(b) shows a demonstrator system in the laboratory [136].

The Phase-1 Upgrade computing model will provide a framework in which the software of
the experiment can evolve adiabatically throughout the HL-LHC era. During Long Shutdown 3
there will be sufficient time to refine aspects of this model following the experience of Run 3, and
to take advantage of ongoing commercial developments. One such possibility is the increased
use of commercial clouds, rather than full reliance on GRID-based processing. Another is the
wide-scale deployment of GPUs and similar technologies, which are already under evaluation for
Phase-I applications.
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Figure 5.11: Track finding with the retina scheme: (a) schematic showing how the retina system could find
downstream tracks in LHCb and inject them into the Event Filter Farm (EFF) where the software trigger
is executed (EB refers to the event builder); (b) a successfully running proof-of-concept demonstrator.
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