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Abstract

The potential HL-LHC operational scenarios for LHCb Upgrade II are reviewed.
Their impact on the physics performance of the LHCb Upgrade II experiment is
described considering: the total integrated luminosity to be collected; the impact
of beam-crossing angles on measurements of CP violation; the effects of pile-up
and the size of the luminous region. A maximum instantaneous luminosity of
1.5× 1034 cm−2s−1 is recommended and detectors should be designed to withstand
up to 350 fb−1 during Run 5 and 6 (400 fb−1 in Run 1-6). The RMS of the luminous
region, spatially and temporally, should be maximised. Identical crossing angles for
both magnet polarities is preferred as is collection of equal integrated luminosity
in each configuration. From the scenarios currently presented, a purely vertical
crossing plane during collisions best meets these requirements.





1 Introduction1

The potential for the HL-LHC to deliver the luminosity required by LHCb Upgrade II2

has been studied and documented in a CERN accelerator note [1]. The development3

of these studies was presented on several occasions to the LHCb Collaboration, with4

a final presentation at the LHCb week in June 2018 [2] and input requested from the5

collaboration. The studies were considered by the Upgrade II planning group and this6

note provides our recommendations for a baseline operational scenario. The choice of this7

baseline is made to allow more detailed studies for the HL-LHC to commence, and to8

provide input to the detector design studies.9

The HL-LHC baseline design [3] is compatible with LHCb running at the Upgrade I10

luminosity of 2× 1033cm−2s−1. Running above the nominal Upgrade I luminosity requires11

modifications to the HL-LHC optics and layout in the LHCb Insertion Region (IR 8).12

The luminosity performance achievable at LHCb for Upgrade II, and the impact on13

the integrated luminosity in ATLAS and CMS has been studied. The modifications14

required to the machine layout have also been investigated. These preliminary studies15

and beam dynamics simulations have shown no fundamental limitations to the delivery16

of an integrated luminosity of ∼ 50 fb−1 per year at LHCb. They show a corresponding17

reduction of the integrated luminosity in ATLAS and CMS of less than 3% as a result18

of the additional burn-off. The CERN accelerator note [1] concludes that “preliminary19

investigations have identified a range of potential solutions for operating LHCb Upgrade II20

at a luminosity of up to 2× 1034cm−2s−1 and permitting the collection of 300 fb−1 or more21

at IP8 during the envisaged lifetime of the LHC”.22

1.1 Prospects for running LHCb at high luminosity23

For fixed values of the HL-LHC beam parameters (number of bunches, filling scheme,24

bunch population, bunch length, transverse emittance) the luminosity delivered at LHCb25

will essentially depend on the minimum β∗ and crossing angles achievable at the interaction26

point. 1. LHCb physics will benefit from maximising the RMS of the luminous region,27

both in space and time, as discussed in Sect. 4.28

The minimum β∗ and crossing angle are constrained by available magnet strength,29

beam-beam effects, and aperture considerations. A possible set of HL-LHC compatible30

parameters have been identified and are listed in Tables 1 and 2 together with the31

corresponding luminosity performance, under the assumption that the beam lifetime is32

dominated by burn-off.33

All the Upgrade II scenarios proposed in Tables 1 and 2 are based on similar layouts.34

Operation at high luminosity and with small β∗ will enhance beam-beam effects, which35

could have the potential to reduce the dynamic aperture and therefore lower the integrated36

luminosities from the values given in the tables, and also degrade the performance at37

ATLAS and CMS. Detailed simulations, benefiting from the ever-increasing knowledge of38

the performance of the current machine, are underway to answer these questions [4, 5].39

In the scenarios where the beams cross in the horizontal plane, the spectrometer40

dipole adds an internal crossing angle to the external one [6] resulting in different crossing41

angles for both magnet polarities. Consequently, the performance differs between the42

two magnet polarities. Collecting significant samples with both magnet polarities is43

1The crossing angle is defined as the full angle between the two nominal directions at LHCb.
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Table 1: HL-LHC parameters and Luminosity Scenario at LHCb, with different leveled luminosi-
ties and dipole polarities for a horizontal crossing plane. The values provided assume standard
HL-LHC beams parameters and duty cycle. This table is based on Ref. [1] where full details are
provided. The yearly integrated luminosity for ATLAS/CMS during Upgrade I LHCb operations
is estimated to be 261.5 fb−1/y.

Parameter Unit Lumi scenario
Target leveled lumi 1034 cm−2s−1 1.0 2.0
β∗ m 1.5 1.5 1.5 1.5
Crossing plane H H
Magnet polarity − + − +
External crossing angle µrad 400 300 400 300
Crossing angle at IP µrad 130 570 130 570
Virtual (Peak) luminosity 1034 cm−2s−1 2.16 1.57 2.16 1.57
Leveled pile-up 1 28 28 56 44.2
Long. RMS luminous region (start) mm 52.7 39.5 52.7 39.5
Peak line pile-up density (start) mm−1 0.20 0.28 0.41 0.44
Eff. line pile-up density (start) mm−1 0.13 0.17 0.20 0.20
Fill duration h 8.0 8.0 7.7 8.0
Leveling time h 4.7 3.1 0.6 0
Integ. lumi. at LHCb fb−1/y 46.3 40.9 61.7 46.2
Integ. lumi. at ATLAS/CMS fb−1/y 257.1 257.7 255.1 257.0

desirable for the LHCb physics programme, as it simplifies the study of some sources44

of systematic uncertainties in CP -violation measurements (further discussed in Sect. 3).45

Injecting the beams with vertical crossing angles is not possible at IP8 because of aperture46

limitations from the beam screens. However, a vertical crossing plane can be implemented:47

a horizontal crossing angle can be used at injection and the crossing plane can be rotated48

before establishing collisions in LHCb. Indeed, a similar scheme has already been used49

in operation in 2012, but it adds significant operational complexity and beam dynamics50

constraints. The vertical crossing allows identical interaction point (IP) characteristics51

(Luminosity, pile-up, and size of the beam spot) for each detector magnet polarity to be52

achieved. However, the maximum integrated luminosity at LHCb will be achieved by53

running with a horizontal crossing angle and without magnet-polarity reversal. Additional54

scenarios based on flat optics (β∗
y < β∗

x) could be considered to overcome some of the55

aperture limitations and further increase the luminosity [5] but they have not been studied56

yet.57

1.2 Energy deposition and shielding issues58

A simulation of the LHC machine layout around LHCb, using the Fluka package [8], was59

performed in order to assess the energy deposition in the different machine components [1].60

This study and its conclusions were already outlined in the Upgrade II Expression of61

Interest in 2017 [9]. As a large crossing angle (770µrad) in the horizontal plane was62

pessimistically assumed at that time, the conclusions remain valid for the new scenarios63

presented in this document. In order to operate at high luminosity, additional elements64
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Table 2: HL-LHC parameters and Luminosity Scenario at LHCb, with different leveled luminosi-
ties and dipole polarities for a vertical crossing plane. The values provided assume standard
HL-LHC beams parameters and duty cycle. This table is based on Ref. [1] and [7] where full
details are provided. The yearly integrated luminosity for ATLAS/CMS during Upgrade I LHCb
operations is estimated to be 261.5 fb−1/y.

Parameter Unit Lumi scenario
Target leveled lumi 1034 cm−2s−1 1.0 1.5 2.0
β∗ m 1.5 1.5 1.5
Crossing plane V V V
Magnet polarity ± ± ±
External crossing angle µrad 320 320 320
Crossing angle at IP µrad 419 419 419
Virtual (Peak) luminosity 1034 cm−2s−1 1.79 1.79 1.79
Leveled pile-up 28 42 50.3
Long. RMS luminous region (start) mm 44.7 44.7 44.7
Peak line pile-up density (start) mm−1 0.25 0.37 0.44
Eff. line pile-up density (start) mm−1 0.15 0.20 0.20
RMS luminous time (start) ns 0.186 0.186 0.186
Peak time pile-up density (start) ns−1 21.2 21.2 21.2
Fill duration h 8.0 - 7.9
Leveling time h 3.6 1.3 0
Integ. lumi. at LHCb fb−1/y 42.5 49.9 51.0
Integ. lumi. at ATLAS/CMS fb−1/y 257.5 - 256.4

will be added to the machine layout at each side of the LHCb IP, in particular:65

• a TAS (Target Absorber) to protect the inner triplet from quenching, and to limit66

its radiation dose,67

• a TAN (Target Absorber Neutrals) to shield the recombination dipoles D2 from68

high-energy neutral particles,69

• and a TCL (Target Collimator Long) to protect the cold magnets in the matching70

sections from collision debris.71

Additional items could still be required and the cost and installation work related72

to raising the LHCb luminosity for Upgrade II are being investigated. A mini-TAN will73

already be installed during LS2 to allow for 2× 1033 cm−2s−1 operation. Thanks to its74

effective final design and location it is possible that this could also suffice for the higher75

luminosity conditions of Upgrade II, though this has still to be fully proven.76

The lifetime of the triplet quadrupoles at LHCb is assumed to be identical to that of77

the triplets currently in place at the high luminosity IPs. They are designed to withstand a78

dose of 30MGy, corresponding to 300 fb−1 at the IP of ATLAS. Further energy deposition79

studies will allow the design and the crossing angle scheme at LHCb to be optimised and80

consequently potentially to extend the lifetime of the quadrupoles beyond that limit. The81

existing triplets at ATLAS and CMS will be removed in LS3. A careful inspection of these82
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triplets after removal will also shed light on the radiation hardness of these components83

and the possibility of running beyond their currently accepted lifetime. Conservatively,84

300 fb−1 of integrated luminosity for the LHCb Upgrade II has been assumed for the85

physics projections reported in the Upgrade II physics case [10]. The maximum likely86

collected integrated luminosity is an important parameter for the detector design, and87

this is considered in Sect. 2.88

2 Integrated luminosity considerations89

LHCb Upgrade II aims to bring the total data collected by LHCb to 300 fb−1 or more.90

This requires the collection of 250 fb−1 or more during Run 5 & 6 of the LHC, with an91

annual collected luminosity of approximately 50 fb−1. Naturally, at this stage the detailed92

schedule is not yet known with a high degree of confidence. The most common assumption93

has typically been two runs each of three years, separated by a one year technical stop.94

The current LHC schedule, shown in Fig. 1, assumes Run 5 is three years long and Run 695

is four years.96

The predictions for LHCb use the standard HL-LHC operational scenario in Refs. [11,12]97

where 160 proton-proton physics collision days/year is assumed; it is foreseen by the98

accelerator division that this number is conservative and will increase as they assume99

there will be fewer special runs, notably ion running, and less machine development than100

currently.101

The primary installation of LHCb Upgrade II will be during LS4, with preparatory102

work being carried out during LS3. Consequently we assume only half the standard103

annual integrated luminosity is collected in the first year of operations due to experimental104

commissioning. Table 3 gives integrated luminosities in the LHCb favoured vertical105

crossing scheme at three target leveled luminosities (as given in table 2). Note that in the106

target leveled luminosity of 2.0×1034cm−2s−1 scenario the actual virtual (peak) luminosity107

is below this value reaching only 1.79× 1034cm−2s−1. In all cases the levelling time does108

not exceed a few hours.109

The maximum instantaneous luminosity scenario is disfavoured by the machine as110

it pushes parameters to their limits and increases the pile-up and occupancy that must111

be accommodated by the experiment design for a relatively modest gain in luminosity112

compared with the second scenario. The lowest instantaneous luminosity scenario may113

achieve the target 300 fb−1 only with seven years of operation across Run 5 and 6.114

Consequently we select the middle scenario of a maximum levelled luminosity of 1.5×115

1034cm−2s−1 as the baseline. The anticipated total luminosity (Run1–6) collected by LHCb116

with this baseline is thus in the range 300–350 fb−1. As the integrated luminosity may be117

limited by the triplet quadruples (see Sect. 1.2), we retain 300 fb−1 as the assumption for118

all physics projections. Due to the potentially conservative assumption on the number of119

operating days, machine availability, and the possibility at this stage of additional years120

being added to Run 5 and 6 (each additional year adding ∼50 fb−1) we would propose121

that the detector and machine consider designs that allow the possibility of collecting up122

to 400 fb−1 in total (Run 1–6), i.e. of 350 fb−1 in Run 5 and 6.123
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Figure 1: Current version of the LHC and HL-LHC operational schedule. Reproduced from [13].

Table 3: Integrated Luminosity to be collected at LHCb by the end of LHC Run 6. Values
are given assuming three or four years of operations in Run 6. All values assume the vertical
crossing scenario and numbers are given for three targets of levelled instantaneous luminosity.

LHC Run Year Integrated Luminosity fb−1

1× 1034cm−2s−1 1.5× 1034cm−2s−1 2.0× 1034cm−2s−1

Run 1-4 50 50 50
LS4 - - -
Run 5 Year 1 21 25 26
Run 5 Year 2 43 50 51
Run 5 Year 3 43 50 51
LS5 - - -
Run 6 Year 1 43 50 51
Run 6 Year 2 43 50 51
Run 6 Year 3 43 50 51
Total 284 325 331
Run 6 Year 4 43 50 51
Total 326 374 381

3 Impact of beam-crossing angles on detector accep-124

tance125

As a result of the beam-crossing angle, particles produced in the pp collision are not centred126

along the z axis of the LHCb coordinate system. In particular, a crossing in the horizontal127

direction (as defined in the LHCb coordinate system) leads to a left-right asymmetry128

in the momentum distribution of the produced particles. By the design of the LHCb129

spectrometer, this initial direction affects the geometrical acceptance for charged particles130
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differently, depending on the charge of the particle [14]. This effect is most prominent for131

charged particles which travel close to the beam-pipe, i.e. those with a high pseudorapidity,132

for which the influence of the horizontal crossing angle is illustrated schematically in Fig. 2.133

Therefore, to estimate the effects of the proposed beam-crossing scenarios, the effect on the134

detection asymmetry for muons at high pseudorapidities is considered. The phase-space135

of muons generated in decays of the type B+ → J/ψ (→ µ+µ−)K+ are used. Analyses136

performed in bins of rapidity, such as measurements of production asymmetries, are137

particularly sensitive to the detection asymmetry at a high pseudorapidity. Extrapolating138

the statistical uncertainties of the measurement of the B+ production asymmetry [15] to139

300 fb−1, shows that effects of O(0.05%) will already require a suitable calibration. While140

calibrations of the instrumental asymmetries exist, it is desirable to reduce the size of141

these corrections to account for unforeseen effects and shortcomings in their treatment.142

In this Section, the order-of-magnitude of the introduced instrumental asymmetries are143

discussed.144

As a rule-of-thumb, the detection asymmetry introduced by the beam-crossing angles145

are mitigated significantly when: 1. the crossing angles are identical for both magnet146

polarities, both in magnitude and in sign and 2. the data sets of opposite magnet polarities147

are averaged. This requirement applies to the crossing angle resulting from the sum of148

the internal and external one. Note that, to achieve this, a horizontal component must be149

present in the external crossing angle to appropriately cancel the effect of the internal150

crossing angle.151

3.1 Event generation and simplified detector simulation152

To generate a sufficiently large data sample to see the influence of O(0.1%) asymmetries,153

a fast simulation technique is used. B+ mesons are generated and propagated through154

the detector material using the particle-gun mode of Gauss. The distribution of the155

transverse momentum, pT, and pseudorapidity, η, of the B+ mesons are extracted from156

simulated
√
s = 14 TeV proton-proton collisions modelled by Pythia. Finally, The157

angular distribution in the py, px plane is modified to account for the small, additional,158

boost in the x-direction, as introduced by the beam-crossing angle.159

The simulation of interactions of the final-state particles with the detector material, as160

done in Geant4, is time consuming. Meanwhile, the beam-crossing angle affects particles161

primarily through a change in the geometrical acceptance. Its effects are therefore162

estimated using a simplified event simulation. In this simulation, charged particles are163

transported numerically from its origin vertex through the LHCb detector, without164

accounting for material interactions such as multiple scattering. A particle is considered to165

be in acceptance if sufficient sensitive detector layers were traversed. Here, the definition166

for long tracks is employed, meaning that the particles must traverse sufficient VELO167

sensors and layers of the T-stations,168

ε =
N(3 VELO φ, r hits & 3 T-station X, stereo hits)

N(Generated)
.

The detection asymmetry, Adet, is defined as the relative difference in efficiency between169

the opposite charges,170

Adet =
ε+ − ε−

ε+ + ε−
.
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Figure 2: Simplified schematic view of the LHCb detector, along with the impact of the deflection
of the magnetic field on charged particles, using the LHCb coordinate system.

This model has been used successfully in a description of the detection asymmetry of171

muons [14].172

3.2 Results173

Figure 3 shows the simulated detection asymmetry for a purely vertical crossing scenario174

(θy = 419µrad, θx = 0), and that of the horizontal beam-crossing with the highest175

luminosity in Table 1, θx = −130µrad for magnet up and θx = −570µrad for magnet176

down, where θx (θy) is the horizontal crossing angle in LHCb’s x− z (y − z) plane. No177

asymmetry in the geometrical acceptance is observed for a purely vertical crossing scenario.178

However, an asymmetry for the scenario with the highest luminosity is visible for η ≥ 4.7,179

showing that the cancellation of the asymmetries originating from the crossing angle is180

not ensured.181

4 Impact of beam-crossing angles on detector perfor-182

mances183

At a fixed instantaneous luminosity, changing the beam crossing angle will change the size184

of the luminous region (in both longitudinal and transverse directions). In this section we185

show that this leads directly to changes in the event reconstruction performance (in track186

reconstruction, and PV association). As such, the recommendation is to use a scheme187

with identical crossing angles for the two magnet polarities. Furthermore, the performance188

is in general improved for a larger luminous region, all other factors being equal, so a189

secondary recommendation is to maximise the extent of the pile-up region in space and190

time.191
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4.1 Particle tracks reconstruction192

In addition to the asymmetry introduced by the geometrical acceptance of the detector,193

the high-luminosity scenario also involves a significantly different pile-up (and hence194

detector occupancy) between the two magnet polarities. The performance of the current195

reconstruction algorithms decreases as detector occupancy rises. While the optimisation of196

these algorithms is a prerequisite for the very different expected conditions, the dependence197

of their performance on the detector occupancy is still expected. Meanwhile, the quality198

of a reconstructed track also depends on the encountered material along this trajectory,199

as small (large) kinks occur due to elastic (hadronic) scattering. The effective thickness of200

the encountered material differs between the charges. Therefore, also the quality of the201

reconstructed tracks differs.202

In Ref. [14] it is shown that, at higher hit multiplicities, the charge asymmetry in the203

performance of the track reconstruction increases (for particles with p ≤ 10 GeV/c), up to204

O(0.5%) for moderately high occupancies. This result is consistent with an increase in205

difference in track quality between the charges. By construction, this effect is reduced206

when the data sets of different magnet polarities, but same hit multiplicities, are averaged.207

Dealing with significant differences in the detector occupancy between the polarities will208

be a delicate task in the development of the track reconstruction.209

4.2 Primary Vertex association210

An important design consideration for any future LHCb upgrade will be the ability to211

accurately reconstruct long-lived particles, and associate them with the primary interaction212

vertex (PV) from which they originated. In this section a generic b hadron is used by213

way of example, but the same arguments apply for c hadrons. If a b hadron is mistakenly214

associated with a PV from which it did not originate, the measured decay time of215

the particle will be incorrect. This will lead to additional systematic uncertainties for216

any decay-time-dependent analyses, including searches for, and characterisation of, CP217

violation in meson-antimeson oscillations.218
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Figure 3: Expected magnet-averaged detection asymmetry due to the geometrical acceptance
only, for two different beam-crossing scenarios.
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In particular, if the PV association performance differs between the two magnet219

polarities of the LHCb dipole magnet, the cancellation of instrumental asymmetries by220

averaging over the two polarities will be inherently limited, in ways that may be challenging221

to determine and quantify.222

At the high luminosity conditions considered in this document, the mean number of PVs223

will range from 28 (for L= 1× 1034 cm−2s−1) to 55 (for L= 2× 1034 cm−2s−1), distributed224

in space and time according to the details of the collision environment. For a fully-225

reconstructed b hadron, the position of its decay vertex (also referred to as the secondary226

vertex, SV) and the final-state particle momenta allow the b hadron to be extrapolated227

back into the luminous region to identify the source PV from spatial information alone. In228

addition, time information will be available for hits in the vertex detector in Upgrade II,229

which will allow temporal PV matching and significantly improve the matching efficiency.230

Matching in time may be incorpotated in other areas of the detector, notably in the ECAL231

for neutral particles.232

The rate of PV misassociation will depend in general on the precision of the positions233

and times of primary and secondary vertices, and on the final-state particle momentum234

resolution. However, the PV association is also strongly dependent on the size of the235

luminous region in space (both longitudinally and in the transverse plane) and time. To236

quantify this dependence a simple simulation has been developed, briefly described in this237

section.238

In brief, primary interaction vertices are first generated in (x,y,z,t) under a range of239

different scenarios for the luminous region and instantaneous luminosity. Charged particles240

are generated from each of these PVs according to known kinematic and multiplicity241

distributions from full simulation. From one PV a B0 meson is generated (again with242

kinematics sampled from full simulation), and allowed to travel and decay exponentially243

into a π+π− final state. All charged particles are then propagated through a vertex244

detector model, with a geometry based on the Upgrade-I VELO and with realistic hit245

precision, and tracks and vertices are reconstructed under some reasonable requirements246

on the number of hits (for tracks) and number of tracks (for vertices). Finally, the247

reconstructed spatial and temporal information is used to select the best candidate PV248

for the B0 meson. The results presented here assume a VELO detector with 55× 55µm2
249

pixels, and a single-hit time precision of 200 ps or better.250

The figure-of-merit from this study is the PV misassociation fraction, which is calculated251

under different assumptions about the availability and precision of time information for the252

VELO hits. Different hit time precisions are considered for the inner (5 < r < 20 mm) and253

outer (20 < r < 35 mm) radial regions of the detector, to account for the different radiation254

and occupancy conditions. For the purposes of this note the results and discussion are255

limited to the influence of the crossing angle and size of the luminous region. As a256

reference, the anticipated PV misassociation fraction under Run 3 conditions is of order257

1%. While it is difficult to sustain this performance under 5–10 times higher luminosities,258

we should aim to stay as close as possible to this benchmark.259

As can be seen in Tables 1,2, the longitudinal RMS of the luminous region is strongly260

dependent on the crossing angle. Figure 4 shows the PV misassociation fraction under two261

different crossing angles, at a given value of instantaneous luminosity and β∗. This study262

was performed using a previous set of beam parameters to those presented in Tables 1,2,263

but the general conclusions are independent of the details. For a larger crossing angle,264

the PV matching performance is worse, as a consequence of the longitudinal compression265
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Figure 4: PV misassociation fraction for B0 → π+π− decays under different crossing angle values.
The results are plotted as a function of the time precision on hits in the vertex locator, where
realistic scenarios are to the right of the vertical dashed line. For this plot, no time information
is assumed for the inner detector. These studies predate the scenarios shown in Tables 1 and 2.
The (x,y,z,t) RMS values for the pile-up region are (15.3µm,15.3µm,51.9mm,190ps) for for a
crossing angle of 230 µrad, and (15.3µm,15.3µm,32.7mm,202ps) for 770 µrad.

of the luminous region. In this study this RMS is 51.9 mm (32.7 mm) for a crossing angle266

of 230 µrad (770 µrad). The results show that, in this realm of detector performance and267

collision environment, the PV misassociation fraction scales approximately linearly with268

the longitudinal RMS of the luminous region.269

Similarly, the transverse RMS of the luminous region will influence the PV association270

performance. Figure 5 shows the corresponding performance plot for a (deliberately wide)271

range of values for the transverse RMS. The dependence is weaker than that observed for272

the longitudinal RMS, largely because the longitudinal separation of PVs is significantly273

more important than the transverse separation when performing the matching for long-274

lived particles. Nevertheless, all other things being equal, the performance is improved275

with a larger transverse RMS.276

Given the significant change in PV association performance driven by changes in277

the size of the luminous region, a principle conclusion of this study is that the crossing278

angle (and other beam parameters) should if possible be identical under the two LHCb279

dipole magnet polarities, and stable over time. The second conclusion is that for a given280

instantaneous luminosity the RMS of the luminous region should be maximised in both281

time and space (including both longitidinal and transverse components).282

5 Summary283

This impact of the proposed HL-LHC operational scenarios on the physics performance284

of Upgrade II has been considered. Operating at a maximum instantaneous luminosity285

of 1.5 × 1034cm−2s−1 is recommended. This is a compromise between collecting the286

maximum data sample in the available HL-LHC schedule and detector and accelerator287
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Figure 5: PV misassociation fraction for B0 → π+π− decays under different values for the
transverse RMS of the luminous region (with longitudinal RMS fixed at σz = 63 mm). The
results are plotted as a function of the time precision on hits in the vertex locator, where the most
realistic scenarios are to the right of the vertical dashed line. For this plot, no time information
is assumed for the inner detector.

design considerations.288

We anticipate the collection of a total LHCb (Run 1–6) data sample of at least 300 fb−1
289

(250 fb−1 Run 5–6), and this value should be used for physics projections. Uncertainties on290

the schedule and operational parameters mean that a total LHCb sample of up to 400 fb−1
291

(350 fb−1 Run 5–6) is possible, and this value should be used for safety when considering292

radiation requirements in detector designs. The maximum integrated luminosity may be293

limited by the radiation tolerance of the inner triplet quadrupoles and this will need to be294

studied. We understand that a full evaluation may not be possible until the quadrupoles295

of ATLAS and CMS are removed in LS3.296

The vertex detector of LHCb identifies the primary vertex at which the proton-proton297

collision occurs and the secondary decay vertex of the heavy-flavour hadron which must298

be associated to the correct primary vertex. The electromagnetic calorimeter must also299

associate photons and π0 to the correct vertex. At the higher pile-up of Upgrade II a new300

innovation will be using time measurements as well as spatial measurements to perform301

this. Consequently, the RMS of the luminous region, spatially and temporally, should be302

maximised.303

A core element of the LHCb physics programme is the study of CP violation. The304

detector calibration, required to perform such measurements, benefits from cancellations305

between the two magnet polarities, as they simplify studies of systematics. This benefits306

from the collection of relatively equal integrated luminosities with both magnet polarities,307

such that the most similar conditions possible for the two polarities are obtained. Ideally,308

the beams would cross with the same angle (magnitude and sign) for both magnet309

polarities. If this were not possible, the same crossing angle magnitude for both polarities310

would be preferred. The horizontal component of the crossing angle should be minimized.311

More generally, the RMS of the luminous region in time and space should if possible be312
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identical between magnet polarities.313

Considering the scenarios currently presented, using a vertical crossing plane during314

collisions best meets these requirements. However, we remain open to any solution that315

best meets the requirements discussed here.316

More advanced studies of the operational machine scenarios and the required designs317

for the additional machine elements for this programme will be needed on the timescale318

of the LHCb Upgrade II technical design report in two years. While the detailed schedule319

of LS4 cannot be known at this stage, it is clear that the extended duration of LS3 gives320

excellent opportunities for preparatory work for Upgrade II on both the detector and321

machine sides. We encourage consideration of what work can be performed in advance in322

LS3.323
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