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Abstract

This document describes the selection strategies for the upgrade trigger using a
range of decay channels that are representative of the current, and planned, physics
programme. The upgrade high-level trigger (HLT) follows the Run 2 trigger structure
consisting of two stages, in between which the detector calibration and alignment
is performed. In the first stage, HLT1, beauty and charm decays are selected
inclusively, while the second stage, HLT2, uses offline-quality selections. Inclusive
and exclusive trigger selections in HLT2 are presented, and the output rates, signal
efficiencies, event sizes and bandwidth usage are discussed.
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1 Introduction1

The LHCb detector will be upgraded between 2019–2021, during the second long shutdown2

of the LHC. The objective of this upgrade is to allow the LHCb detector to take data3

at an instantaneous luminosity of 2 × 1033 cm−2s−1, a factor of five more than during4

LHC Run 2. A key requirement is to process the full 30 MHz bunch crossing rate of5

the LHC using a dedicated computing centre. This software only approach, as shown in6

Fig. 1 (right), requires two stages: a fast reconstruction and selection stage referred to as7

HLT1, and a second step with full reconstruction and real-time analysis known as HLT2.8

Between the two trigger stages the real-time alignment and calibration of the detector are9

performed. The main difference with respect to the Run 2 scheme, which is depicted in10

Fig. 1 (left), is the removal of the L0 hardware trigger. More details of the objectives and11

strategy are given in the LHCb upgrade framework TDR [1], the Trigger TDR [2] and the12

Computing Model of the Upgrade LHCb experiment TDR [3].13

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
30 MHz inelastic event rate
(full rate event building)

Software High Level Trigger

GB/s to storage

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online
detector calibration and alignment

10

Figure 1: Trigger strategy for (left) LHCb Run 2 and (right) the LHCb upgrade project, assuming
a total 10 GB/s output bandwidth.

It is expected that an inclusive topological B trigger (see Section 4.7 for details) will14

be fully utilised during the first year of data taking in 2021 [3]. This is motivated by the15

need to be able to develop new analyses using the data collected in 2021 and to study the16

application of important tools, such as flavour-tagging, that currently require full event17

information, in the Turbo stream [4,5]. The Turbo stream was implemented for LHCb18

Run 2, providing data samples that can be analysed directly from the trigger output,19

without further processing. As analyses mature, exclusive selections will be implemented20

in HLT2, taking advantage of the Turbo paradigm to dramatically reduce the event size21

and therefore the trigger bandwidth required. This will be a necessary step to control the22

trigger bandwidth as the experiment is commissioned to its full design luminosity.23
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This document is focused on the event selection, in particular at the HLT2 stage. The24

goals of these studies are25

1. to study the signal efficiencies, rates and bandwidth used by exclusive and inclusive26

trigger selections;27

2. to understand the effect of different HLT1 strategies on the selection efficiencies of28

physics channels in HLT2;29

3. to perform a feasibility study of inclusive triggers in the upgrade era;30

4. to demonstrate the gains from using multi-variate selections in the trigger;31

5. to understand the event size needed for each trigger selection.32

A baseline of four configurations at the HLT1 stage are considered, as described in33

Section 3. The physics selection studies for HLT2 are shown in Section 4, where the34

performance in terms of signal efficiency, rate and output bandwidth per selection are35

shown. This work builds on the studies shown for a selection of charm decays discussed36

in Ref. [6]. A conclusion completes the document in Section 5.37

2 Data samples38

The studies presented in this document are based on simulated samples of pp collisions,39

at
√
s = 14 TeV, including the upgrade detector geometry and beam conditions.1 The40

collisions are generated using Pythia [7] with a specific LHCb configuration [8]. Decays of41

hadronic particles are described by EvtGen [9], in which final-state radiation is generated42

using Photos [10]. The interaction of the generated particles with the detector, and43

its response, are implemented using the Geant4 toolkit [11] as described in Ref. [12].44

The samples are reconstructed using the upgrade tracking sequence that is described45

in Ref. [13], and then filtered using the VLoose HLT1 trigger requirements described in46

Section 3. The HLT1 filtering rejects 95% of minimum bias events, with signal efficiencies47

for the exclusive decays considered in the present study ranging between 50–90%. A sample48

of roughly 50M minimum bias events is used to study the output rates and bandwidth of49

each physics selection. Roughly thirty signal samples, of approximately 250k events each,50

are generated for the purpose of evaluating the signal efficiencies.51

3 First stage: HLT152

The HLT1 configuration used to filter the various samples generated for these studies53

contains inclusive selections for single displaced tracks, displaced two-track vertices,54

single displaced muons, and displaced low-mass dimuon vertices and high-mass dimuon55

candidates. This configuration includes various working points for each selection, and the56

four scenarios VLoose, Loose, Tight, VTight are defined by taking different combinations57

of these selections. The effect of these different HLT1 scenarios on subsequent selections58

in HLT2 is explored in Section 4, with a particular focus on the HLT1-dependence of the59

signal efficiencies.60

1The specific simulated conditions are Sim09c-Up02/Reco-Up01 with 7 TeV beam energies, spillover
included, 25 ns bunch spacing and ν = 7.6 using Pythia 8.
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The final choice of HLT1 configuration may be restricted by software performance61

and attainable throughput, but these studies will provide important input to ensure that62

any performance-related compromises have the smallest possible impact on the upgrade63

physics programme.64

The HLT1 configuration used to filter the various samples in this study is defined in65

the trigger configuration key TCK 0x52000000, which is compatible with v30r0 of the66

LHCb trigger application, Moore. A number of different options are included in the con-67

figuration: four options from VLoose to VTight for the one-track MVA line Hlt1TrackMVA;68

similarly four choices for the two-track MVA line Hlt1TwoTrackMVA; two selections, loose69

and tight, for each of the low and high mass dimuon lines Hlt1DiMuonLowMass and70

Hlt1DiMuonHighMass (labelled Hlt1DiMuon together); and a single option for the one-71

track muon MVA line Hlt1TrackMuonMVA. The combinations of these selections that form72

the four considered scenarios are given in Table 1.73

A global event cut (GEC), which aborts processing of events with more than 1150074

clusters from the UT and SciFi detectors, is imposed for all selections except for the VLoose75

Hlt1TrackMVA and Loose Hlt1DiMuon cases. The GEC requirements reject approximately76

10% of minimum bias candidates when applied to the different HLT1 scenarios. This77

requirement will be tuned in the future by also considering the signal efficiencies for a78

range of decay topologies.79

The configurations of the one- and two-track TrackMVA selections are taken from80

Ref. [6], which defines “loose” and “tight” configurations of both selections. The VLoose81

and Loose selections use the “loose” TrackMVA tunings, for both one- and two-track82

lines, described in Ref. [6], while Tight and VTight use the “tight” tunings. Due to83

the stringent throughput requirements that HLT1 must meet, it is currently unclear84

what low-pT tracking will be available up-front. Given this, the different TrackMVA85

selections simulate different pT tracking thresholds. The VLoose selections assume tracks86

are available down to a pT of 400 MeV/c, the Loose and Tight selections simulate a pT87

threshold of 800 MeV/c, while the VTight selections require pT > 1400 MeV/c.88

The Hlt1TrackMuonMVA selection is similar to the selection of the same name that has89

been used during Run 2; it is, in essence, a looser version of the VLoose Hlt1TrackMVA90

line that additionally imposes muon identification criteria.91

The Hlt1DiMuon selections are also based on selections used during Run 2. The92

Hlt1DiMuonLowMass variants require that both muons have pT > 800 MeV/c and are93

displaced from all primary vertices, while the Hlt1DiMuonHighMass selections omit the94

displacement requirement but instead require a dimuon mass of > 2.7 GeV/c2. The loose95

and tight variants differ by a stricter pT threshold of 1400 MeV/c for the tight case.96

The output rates of the HLT1 selections are 1.65± 0.03 (VLoose), 1.10± 0.03 (Loose),97

0.48 ± 0.02 (Tight) and 0.29 ± 0.01 MHz (VTight). These cover a range of realistic98

throughput scenarios for HLT1, given by the different tracking pT thresholds described99

above. The final choice between them will depend on both the trigger performance and100

the size of the available computing farm.101

4 Second stage: HLT2102

The selections in HLT2 must fit into an estimated total output bandwidth of between 2103

and 10 GB/s, where the final choice will be informed by the available offline computing104
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Table 1: Definition of the four HLT1 scenarios including the minimum track pT requirement and
the output rate.

Scenario Hlt1TrackMVA Hlt1DiMuon Hlt1TrackMuonMVA Min. track pT Rate
( MeV/c) (MHz)

VLoose VLoose Loose Yes 400 1.65
Loose Loose Tight Yes 800 1.10
Tight Tight Tight Yes 800 0.48
VTight VTight Tight No 1400 0.29

resources. Both exclusive and inclusive approaches are studied, with particular attention105

given to reducing the size of each event by saving only the necessary information, following106

the Turbo stream paradigm [4].107

The HLT2 efficiencies described in this section, are defined relative to the VLoose108

HLT1 stage using reconstructible, truth-matched events. To be considered reconstructible,109

events must have all charged decay product tracks within the detector acceptance. Neutral110

decay products are required to be within the electromagnetic calorimeter acceptance.111

The relative efficiency of the HLT2 selections under the different HLT1 options are also112

studied. A candidate is labelled as TOS, with respect to an HLT1 selection, if its own113

decay products satisfy the requirements of that selection. A relative efficiency is then114

defined, with respect to the number of candidates selected by HLT2, as the ratio of the115

number of candidates that are TOS in a given HLT1 scenario to the number of candidates116

in which any particle(s) in the event satisfies the VLoose HLT1 requirements. These117

studies show clearly how the signal efficiencies scale with tighter HLT1 requirements.118

Expected signal rates are determined for each signal decay process. These are based119

on the instantaneous luminosity, the measured cross-sections for particles to be produced120

within the LHCb acceptance, and the branching ratio of the decay of interest. Note121

that often the same trigger line is also used to select control modes that typically have122

a significantly higher rate. Therefore it is not expected that even a perfect exclusive123

selection has an output rate equal to the expected signal rate.124

The selections are described below, grouped primarily by the LHCb physics working125

group responsible.126

4.1 Charm127

Approximately 160 exclusive charm trigger lines have been implemented in the Turbo128

paradigm in Run 2 of the LHCb experiment. The first step to study the upgrade selections129

is to test the performance of the Run 2 Turbo stream selections in the upgrade environment.130

Nine decay modes are considered here, as listed in Table 2. The selections used during Run131

2 are applied to the HLT1 filtered simulation samples for both signal and minimum bias132

events. Reconstruction of K0
S at LHCb is split into two categories, those reconstructed133

from tracks with (LL) and without (DD) hits in the LHCb vertex locator. Only those of134

type LL are consider for charm decays at this stage.135

The signal efficiencies of the HLT2 selections for the nine modes are shown in Table 2.136

The relative efficiencies of the various HLT1 scenarios are shown in Table 3, calculated as137

the fraction of events passing each selection relative to the VLoose criterion. The entries138

in the first column are not 100% because the trigger decision is required to be from one of139
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Table 2: Signal efficiency, output rate, expected signal-only rate, event size and bandwidth of
the HLT2 charm selections for the VLoose HLT1 scenario.

Decay mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

D∗+ → D0(→ K+K−)π+ 50 800 1100 6 4800
D∗+ → D0(→ K+K−π+π−)π+ 28 650 310 7 4500
D∗+ → D0(→ K0

Sπ
+π−)π+ 19 290 770 7 7700

D∗+ → D0(→ K0
SK

+K−)π+ 14 35 120 7 840
D+ → K−K+π+ 49 2700 4800 6 16000
Λ+
c → pK−π+ 21 5400 11000 6 32000

D∗+ → D0(→ π+π−µ+µ−)π+ 38 46 0.2 7 320
D∗+ → D0(→ e+µ−)π+ 60 220 < 0.1 4 880
Ξ++
cc → Λ+

c (→ pK−π+)K−π+π+ 4 23 0.2 6 140

Table 3: Relative efficiency of the HLT2 selections given the different HLT1 scenarios for the
charm decay modes. The relative efficiency is defined as the ratio of the number of candidates
that are TOS in a given HLT1 scenario to the number of candidates in which any particle(s) in
the event satisfies the VLoose HLT1 requirements.

Decay mode VLoose Loose Tight VTight

(%) (%) (%) (%)
D∗+ → D0(→ K+K−)π+ 96 90 66 47
D∗+ → D0(→ K+K−π+π−)π+ 89 74 46 30
D∗+ → D0(→ K0

Sπ
+π−)π+ 81 64 36 21

D∗+ → D0(→ K0
SK

+K−)π+ 76 66 34 20
D+ → K−K+π+ 97 84 69 42
Λ+
c → pK−π+ 95 82 55 41

D∗+ → D0(→ π+π−µ+µ−)π+ 96 77 56 42
D∗+ → D0(→ e+µ−)π+ 90 80 58 40
Ξ++
cc → Λ+

c (→ pK−π+)K−π+π+ 95 83 62 47

the particles of the signal decay, relative to the VLoose criterion satisfied by any particle140

in the event. Figure 2 shows the rate against the signal efficiency for the nine decay141

modes. This highlights the large losses in signal efficiency from applying the stricter HLT1142

requirements.143

The average event size of the different decay modes ranges from 4 kB to 7 kB, as144

shown in Table 2. The bandwidths for the selections are also shown in Table 2 and range145

from 140 to 32000 kB/s.146

During Run 2, the trigger lines for the modes studied here represented around 6%147

of the charm bandwidth in the Turbo stream. Extrapolating the charm bandwidth of148

roughly 65 MB/s in Table 2 by this factor of 6% gives a total charm upgrade Turbo149

stream bandwidth of order 1 GB/s. This is a large part of the available HLT2 output150

bandwidth; however, no multivariate techniques have been applied here. These methods151

will be studied in the future to reduce the rate of the lines further without sacrificing152

much signal efficiency. Multivariate approaches appear to be particularly necessary for153

the high-rate lines for D+ → K−K+π+ and Λ+
c → pK−π+ decays.154
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Figure 2: The relative signal efficiency (see Table 3) as a function of the output rate for different
modes and different HLT1 scenarios.

Table 4: Signal efficiency, output rate, expected signal-only rate, event size and bandwidth of
the HLT2 beauty to open charm selections for the VLoose HLT1 scenario.

Decay mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

B+ → D0(→ K0
Sπ

+π−)K+ 20 42 0.2 6 250
B0 → D+(→ Kππ)D−(→ Kππ) 18 10 0.1 16 160
B+ → D0(→ K+K−)K+ 22 7 0.1 4 28
B0
s → D+

s (→ KKπ)K− 32 290 0.2 14 4100
B+ → D0(→ Kπ)K+π+π− 17 170 0.9 7 1200

4.2 Beauty to open charm155

The following five representative decay modes are studied: B+ → D0(→ K0
Sπ

+π−)K+,156

B0
s → D+

s (→ KKπ)π−, B0 → D+(→ Kππ)D−(→ Kππ), B+ → D0(→ K+K−)K+ and157

B+ → D0(→ Kπ)K+π+π−. Note that results for the B+ → D0(→ K0
Sπ

+π−)K+ channel158

are later split into two components, depending on the reconstruction of the K0
S mesons.159

The starting point for the upgrade selections is the current Run 2 preselections that are160

performed offline with some small tuning and adjustments to make them more efficient161

and consistent. The selections applied are summarised in the Appendix in Table 19.162

Particle identification requirements are not always applied because often the control decay163

modes, used to reduce systematic uncertainties, only differ from the signal decays by the164

species of one particle.165

The average event sizes are listed in Table 4 for each of the modes. For B0 → D+(→166

Kππ)D−(→ Kππ) and B0
s → D+

s (→ KKπ)K− decays, the information required for167

flavour tagging is additionally saved which increases the event size by O(10) kB. The168

output rates and relative signal efficiencies used by each decay mode are studied for each169
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Table 5: Rates of the HLT2 selections given the different HLT1 scenarios for the beauty to open
charm decay modes.

Decay mode VLoose Loose Tight VTight

(Hz) (Hz) (Hz) (Hz)
B+ → D0(→ K0

Sπ
+π−)K+ 42 23 6 4

K0
S (DD) 33 18 5 3

K0
S (LL) 10 5 1 1

B0 → D+(→ Kππ)D−(→ Kππ) 10 6 2 1
B+ → D0(→ K+K−)K+ 7 4 1 1
B0
s → D+

s (→ KKπ)K− 290 140 28 14
B+ → D0(→ Kπ)K+π+π− 170 83 22 13

Table 6: Relative efficiency of the HLT2 selections given the different HLT1 scenarios for the
beauty to open charm decay modes. The relative efficiency is defined as the ratio of the number
of candidates that are TOS in a given HLT1 scenario to the number of candidates in which any
particle(s) in the event satisfies the VLoose HLT1 requirements.

Decay mode VLoose Loose Tight VTight

(%) (%) (%) (%)
B+ → D0(→ K0

Sπ
+π−)K+ 95 90 81 71

K0
S (DD) 93 87 80 67

K0
S (LL) 100 100 83 83

B0 → D+(→ Kππ)D−(→ Kππ) 100 90 87 73
B+ → D0(→ K+K−)K+ 99 92 87 82
B0
s → D+

s (→ KKπ)K− 99 91 85 75
B+ → D0(→ Kπ)K+π+π− 100 91 88 79

of the HLT1 scenarios. Table 5 shows the results of the rate studies. The signal efficiencies170

are shown in Table 4 for the nominal results, and Table 6 shows the results of these studies171

for each of the HLT1 scenarios.172

The output bandwidth required for the five decay modes is summarised in Table 4.173

The bandwidth required in the VLoose HLT1 scenario for the B0
s → D+

s (→ KKπ)K− and174

B+ → D0(→ Kπ)K+π+π− lines is high, suggesting that more can be done to improve175

the performance. Given that these five modes are representative of the beauty to open176

charm programme, the total rate and bandwidth can be extrapolated by a factor of ten to177

estimate the total for all such decays. This gives a modest rate of 5.2 kHz and bandwidth178

of 45 MB/s.179

The results in Tables 5 and 6 show that the minimum bias rates drop much faster180

than the signal efficiencies with tighter HLT1 selection requirements. This suggests that181

improvements can be made to the HLT2 selections to reduce the rates further without182

strongly impacting the signal efficiencies.183

In parallel to further studies to improve the exclusive selections described above, it184

is interesting to understand the performance of the inclusive topological triggers (see185

Section 4.7) for these decays modes. However, the exclusive studies remain important186

because these selections will be required at some stage of the online or offline data flow.187
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Table 7: Signal efficiency, output rate, expected signal-only rate, event size and bandwidth of
the HLT2 beauty to charmonia selections for the VLoose HLT1 scenario.

Decay mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

B0→ J/ψ (→ µ+µ−)K0
S 49 20 0.6 15 300

B0→ J/ψ (→ µ+µ−) ρ0 29 21 0.1 5 110
B0
s→ J/ψ (→ e+e−)φ 5 76 1.5 15 1100

B0
s→ J/ψ (→ µ+µ−)φ 43 310 2.5 15 4700

Table 8: Relative efficiency of the HLT2 selections given the different HLT1 scenarios for the
beauty to charmonia decay modes. The relative efficiency is defined as the ratio of the number
of candidates that are TOS in a given HLT1 scenario to the number of candidates in which any
particle(s) in the event satisfies the VLoose HLT1 requirements.

Decay mode VLoose Loose Tight VTight

(%) (%) (%) (%)
B0→ J/ψ (→ µ+µ−)K0

S 96 83 83 45
B0→ J/ψ (→ µ+µ−) ρ0 94 80 80 46
B0
s→ J/ψ (→ e+e−)φ 95 84 62 46

B0
s→ J/ψ (→ µ+µ−)φ 95 81 81 45

4.3 Beauty to charmonia188

The focus of this working group is to study decay modes with cc̄ mesons in the189

final state. For the upgrade selection studies the following channels are consid-190

ered; B0→ J/ψ (→ µ+µ−)K0
S (→ π+π−), B0→ J/ψ (→ µ+µ−) ρ0, B0

s→ J/ψ (→ e+e−)φ191

and B0
s→ J/ψ (→ µ+µ−)φ. For the B0→ J/ψK0

S mode, both LL and DD categories192

for the K0
S are considered together. The selection for each decay mode is based on193

the corresponding preselection used for LHCb Run 2 data with some additional tighter194

requirements applied. The cut values can be found in Tables 20, 21, 22 and 23 in the195

Appendix.196

The signal efficiency, rate, event size and bandwidth for the different selections are197

shown in Table 7. The corresponding relative signal efficiencies in the different HLT1198

scenarios, are given in Table 8, where a 50% drop in efficiency is seen between the VLoose199

and VTight options. The event size for B0→ J/ψρ0 is smaller because it does not include200

flavour tagging information.201

The initial selection for the B0
s→ J/ψ (→ e+e−)φ channel was extremely loose, the rate202

for this channel estimated using the minimum bias sample was found to be 0.7 MHz. To203

improve it, a much tighter selection is used, leading to more realistic numbers for the rate.204

However, the selection is now rather tight with a low signal efficiency, so further study is205

required to check how feasible the current selection is in Run 3. Multivariate techniques206

will be studied for all of these modes in the future to reduce the bandwidth required207

whilst keeping the signal efficiencies as high as possible. In addition, improvements to the208

upgrade tunings of the electron particle identification variables are expected, these will209

help to improve the performance of the B0
s→ J/ψ (→ e+e−)φ selection.210
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Table 9: Signal efficiency, output rate, expected signal-only rate, event size and bandwidth of
the HLT2 B0

s → φφ selection for the VLoose HLT1 scenario.

Decay mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

B0
s → φφ 88 190 0.1 18 3400

4.4 Charmless beauty decays211

The starting point for the upgrade selection of the B0
s → φφ decay is taken from the212

current requirements implemented in the final stage of the central productions during213

Run 2. The values are provided in Table 24 of the Appendix. Candidates passing the214

selection requirements described in Table 24 are then categorised by a neural network in215

the SciKit-Learn framework [14]. The neural network is trained using simulated signal216

and background samples as described in Section 2. The training samples are also required217

to pass the requirements listed in Table 24. The features of the decays used to train the218

network are the B0
s impact parameter (IP) χ2, B0

s pT, φ pT, and the B0
s vertex quality.219

The chosen neural network requirement rejects 98 % of background candidates while220

retaining 95 % of the signal candidates. In order to make the classifier suitable for use in221

the LHCb production environment, the NNDrone package [15] is used, which converts the222

network model to a JSON format that can then be read by a dedicated algorithm in the223

software framework.224

The event sizes (including the flavour tagging information) and overall efficiencies225

are given in Table 9. The output rate and event size from the minimum bias sample226

correspond to an output bandwidth of 3400 kB/s for the VLoose HLT1 requirements.227

4.5 Beauty hadrons and quarkonia228

4.5.1 Selection for excited Λ0
b decays229

The spectroscopy programme of LHCb requires the efficient selection of excited b-hadron230

decays where some of the decay products are typically consistent with originating from the231

primary vertex. In decays of longer lived b-hadrons, the decay vertex of the parent particle232

is significantly displaced from the primary vertex allowing for selection criteria based on233

the large impact parameter of the final state particles. The decay Λ∗0b → Λ0
bπ

+π− where234

Λ0
b→ Λ+

c π
− and Λ+

c → pK−π+ is particularly challenging as these requirements cannot235

be used. To allow flexibility and extrapolation to other decay channels, the selection236

utilises selective persistence to save additional tracks from the same primary vertex as the237

b-hadron.238

The selection requirements are presented in Table 25 in the Appendix. The results239

shown in Table 10 are based on the simulated sample of Λ∗0b → Λ0
bπ

+π− decays. The240

minimum bias retention is around 0.01%. This corresponds to an output rate of 3 kHz241

and an output bandwidth of 15 MB/s. The relative efficiency of the various HLT1 filtering242

configurations on the signal sample are given in Table 11. Future studies to reduce the243

rate will include the application of multivariate techniques and tuning of the requirements244

described above.245
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Table 10: Signal efficiency, output rate, expected signal-only rate, event size and bandwidth of
the HLT2 beauty hadrons and quarkonia selections for the VLoose HLT1 scenario. *The total
rate for the Hb→ J/ψX line is estimated at 0.62 kHz, with a signal rate of 0.14 kHz. **The
output bandwidth for the Hb→ J/ψX line is 3100 kB/s.

Decay Mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

Λ∗0b → Λ0
bπ

+π− 28 3000 0.2 5 15000
B0→ J/ψρ 20 * 0.1 5 **
B+→ J/ψK+ 23 * 7 5 **
B+→ J/ψK+π+π− 5 * 2.1 5 **
Λ0
b→ J/ψpK− 20 * 0.8 5 **

Table 11: Relative efficiency of the HLT2 selections given the different HLT1 scenarios for the
beauty hadrons and quarkonia decay modes. The relative efficiency is defined as the ratio of the
number of candidates that are TOS in a given HLT1 scenario to the number of candidates in
which any particle(s) in the event satisfies the VLoose HLT1 requirements.

Decay mode VLoose Loose Tight VTight

(%) (%) (%) (%)
Λ∗0b → Λ0

bπ
+π− 99 92 87 81

B0→ J/ψρ 99 91 88 79
B+→ J/ψK+ 99 80 91 79
B+→ J/ψK+π+π− 100 91 88 79
Λ0
b→ J/ψpK− 100 91 85 76

4.5.2 Hb→ J/ψX decays246

Decays of b-hadron of the type Hb→ J/ψX are fundamental for the LHCb physics247

programme, and are being used extensively for studies of exotic hadrons, in J/ψ production248

measurements and as vital control channels for rare decays. The decays studied are249

B0→ J/ψρ , B+→ J/ψK+ , B+→ J/ψK+π+π− and Λ0
b→ J/ψpK− .250

The J/ψ candidates are built from pairs of opposite sign muons that are required to251

form a good quality vertex. The b-hadrons in these decays have a significant lifetime so J/ψ252

candidates that are detached from the primary vertex are selected. All well reconstructed253

charged tracks that are inconsistent with originating from the primary vertex and form a254

good vertex with the J/ψ candidate, are persisted to form b-hadron candidates. Loose255

particle identification requirements are applied for the muons. The relative efficiency of256

the different HLT1 selections for each of the decays is shown in Table 11.257

The efficiencies, rate and event sizes are detailed in Table 10. The output rate of258

0.62 kHz corresponds to bandwidth of 3100 kB/s. In the future this selection will be259

studied together with the inclusive dimuon trigger described in Section 4.6.8 given the260

clear overlap between them.261
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Table 12: Signal efficiency, output rate, expected signal-only rate, event size and bandwidth of
the HLT2 rare decays selections for the VLoose HLT1 scenario.

Decay mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

B0→ K∗0µ+µ− 75 13 0.1 7 91
B0→ K∗0e+e− 50 500 0.1 5 2500
B0→ K∗0γ 6 5 0.8 13 65
B0
s→ φγ 18 2 0.1 15 30

B+→ K+π+π−γ 32 13 1 5 65
Λ0
b→ Λγ 56 60 < 0.1 6 360

B0
s→ µ+µ− 60 3 < 0.1 4 12

K0
S→ µ+µ− 20 10 < 0.1 3 30

τ+→ µ+µ−µ+ 10 30 < 0.1 4 120
Inclusive dimuon – 1200 – 40 48000
Inclusive dielectron – 5600 – 40 220000
Inclusive HHγ – 140 – 4 560
Inclusive HHγ (e+e−) – 90 – 4 360
Inclusive HHHγ – 140 – 4 560
Inclusive HHHγ (e+e−) – 40 – 4 160

4.6 Rare decays262

This section discusses both exclusive and inclusive trigger selections covering all the physics263

cases under study. The list of modes and a summary of the main results is presented in264

Table 12. Details on the specific studies are given in the following sub-sections.265

4.6.1 B0→ K∗0µ+µ−266

The trigger line developed for B0→ K∗0µ+µ− has been produced in three stages. The267

first step is to implement the current Run 2 preselection in the trigger. This selection268

is shown in Table 26 in the Appendix, indicated by the non-bracketed numbers. Then269

a BDT selection is trained using simulated samples with the bracketed requirements in270

Table 26 applied. The efficiency of this pre-BDT selection on true signal events is 83%271

for the HLT1 filtered samples, with a minimum bias retention of around 0.5%. The four272

different HLT1 configurations outlined in Table 1 are investigated prior to training the273

BDT. The effect of the Loose and Tight configurations was found to be identical for274

both signal and minimum bias, effectively giving three different HLT1 configurations. The275

relative efficiencies for the HLT1 scenarios are given in Table 13.276

A BDT was trained for each HLT1 configuration using kinematic and topological277

variables including the momentum, flight distance, impact parameter and vertex quality278

of the B0 candidate and transverse momenta and impact parameters of the other decay279

products. Picking the BDT point with 90% signal efficiency on the pre-selected events,280

gives the values shown in Table 12. The expected signal rate is around 0.1 events per281

second, with an additional two events per second expected for the normalisation channel282

B0→ J/ψK∗0. The rate of the presented selection is 13 Hz, and the event size is 7 kB,283

giving an estimated bandwidth usage of 91 kB/s.284
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Table 13: Relative Efficiency of the HLT2 B0→ K∗0µ+µ− selection given the different HLT1
scenarios. The relative efficiency is defined as the ratio of the number of candidates that are
TOS in a given HLT1 scenario to the number of candidates in which any particle(s) in the event
satisfies the VLoose HLT1 requirements.

Decay mode VLoose Loose Tight VTight

(%) (%) (%) (%)
B0 → K∗(892)0µ+µ− 98 90 90 44

4.6.2 B0→ K∗0γ and B0
s→ φγ285

Photon polarisation in b → sγ transitions can be probed through a time-dependent286

analysis of B0
s → φγ decays. On the other hand, B0 → K∗0γ is an important control287

channel used in most of the radiative analyses. As a starting point, the performance of the288

Run 2 HLT2 selections for these modes are evaluated in upgrade conditions. However, the289

rates are seen to be too high (around 1 kHz in both cases) without further optimisation.290

Therefore, a BDT is developed to improve the background rejection, it is trained and291

tested using minimum bias and simulated signal samples. The preselection, shown in292

Table 29 in the Appendix, is based on the current HLT2 selection with some looser cuts293

to retain enough candidates for the training. The variables used in the BDT are: the294

impact parameter χ2 and pT for the tracks; photon pT ; vertex quality and pT of the K∗(φ)295

candidate; B meson vertex quality, impact parameter χ2, flight distance χ2 and pT .296

Following the selection, the signal efficiency is 6% (18%), corresponding to a BDT297

efficiency of 40% (60%), with an output rate of 5 (2) Hz for B0 → K∗0γ (B0
s → φγ)298

decays. The event size has been evaluated by adding the flavour tagging information,299

obtaining an average event size of 13 (15) kB for the B0 → K∗0γ (B0
s → φγ) modes. The300

corresponding bandwidth results are 65 kB/s for B0 → K∗0γ decays and 30 kB/s for the301

B0
s → φγ mode.302

4.6.3 B+→ K+π−π+γ303

B+→ K+π−π+γ decays permit the study of the helicity structure in electroweak b→ sγ304

transitions through a measurement of the photon polarisation. As a first step, the signal305

efficiency and bandwidth is estimated for a cut-based preselection similar to the one used306

in Run 2. In this selection, shown in Table 30 of the Appendix, candidates are built307

from good quality tracks that are well displaced from the primary vertex. However, this308

simple selection gives rates of O(1 kHz) with a signal efficiency of around 50% using309

the HLT1 filtered samples. In order to significantly reduce the background rate, a BDT310

selection inspired from the selection used in the analysis of Run 1 data is applied. The311

data sets used for the training of the BDT are obtained from the signal and minimum312

bias upgrade simulation samples. The variables that provide discrimination power are the313

flight distance χ2, the impact parameter χ2 and the flight distance of the B candidate, the314

quality of the vertex formed by the three-track combination, and the transverse momenta315

of the reconstructed particles. Several working points are considered, for example a signal316

efficiency of about 6% can be reached for a rate of 13 Hz. A much lower rate of O(0.1 Hz)317

can be achieved while keeping the signal efficiency around 2%. Considering the more318

efficient working point, and an average event size of 5 kB, results in an output bandwidth319
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of 65 kB/s.320

4.6.4 Λ0
b→ Λγ321

This decay mode provides a stringent complementary test of the helicity structure of the322

electroweak interaction. From the experimental point of view, the reconstruction of this323

mode is extremely challenging due to the presence of just one long-lived and one neutral324

particle in the final state, which prevents the Λ0
b decay vertex from being reconstructed.325

Consequently dedicated reconstruction and selection criteria are required to study this326

mode. Currently unobserved, the branching fraction is expected to be of the same order327

as for other radiative decays.328

Exploiting the upgrade simulation samples, a BDT selection is developed following329

the strategy used in the Run 2 analysis [16]. This provides a huge improvement in signal330

to background separation with respect to the results obtained by applying the Run 2331

cut-based selection to the same samples, which yield rates of O(1 kHz) for signal efficiencies332

of O(10%). Separate classifiers are built for candidates reconstructed from long (LL) and333

downstream (DD) tracks. In the LL case, the chosen cut on the BDT output provides334

70% signal efficiency and reduces the minimum bias rate by a factor of 1000 to 60 Hz.335

These results are summarised in Table 12, and correspond to an output bandwidth of336

360 kB/s. A tighter working point gives 50% signal efficiency for a rate of 3 Hz.337

The DD case is found to be more challenging due to the reduced momentum resolution,338

leading to worse discriminating power from the kinematic variables. The proposed working339

point provides a 25% signal efficiency with a rate of 60 Hz. To reduce the rate further to340

6 Hz a signal efficiency of just 5% is necessary. Improvements to the downstream track341

reconstruction will help to boost performance in this mode.342

Further studies on the event size will also be required, to understand persisting all of343

the necessary information from the calorimeter as well as information on other tracks in344

the event to determine isolation variables.345

4.6.5 B0
s→ µ+µ−346

The B0
s→ µ+µ− decay is one of the most theoretically clean probes to search for New347

Physics beyond the Standard Model. Two possible trigger lines are developed for the348

B0
s→ µ+µ− decay for the upgrade. The first is based on Run 1 and Run 2 analysis349

preselections and requires two tracks, compatible with the muon hypothesis, forming a350

secondary vertex well separated from any primary vertex. Additional cuts are applied to351

the quality of the two tracks and on the invariant mass of the dimuon candidate. The352

criteria applied are reported in Table 28 in the Appendix and referred to as the Default353

Selection.354

The alternative HLT2 selection is developed with the aim to keep the bias on the355

measurement of the effective lifetime as small as possible. For this reason, requirements356

on the vertex quality and position of the secondary vertex formed by the two muon357

candidates are loosened. The reduction of the background rate is achieved by a new358

muon classifier that exploits the correlation of the hits close to the track extrapolation in359

the muon detector. The Alternative Selection requirements are given in Table 28 in the360

Appendix.361

The results in Table 12 show the performance of the Default Selection with about362
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60% signal efficiency for a rate of just 3 Hz, which corresponds to an output bandwidth363

of 12 kB/s. The corresponding values for the Alternative Selection are 70%, 21 Hz and364

84 kb/s for the signal efficiency, rate and bandwidth, respectively. This suggests that365

tuning the selections further, for example by adding an MVA, can provide better signal366

efficiency without dramatically increasing the rate.367

4.6.6 K0
S→ µ+µ−368

The K0
S→ µ+µ− decay is one of the main benchmarks for the study of strange decays369

at LHCb. The hardware trigger with high pT requirements in Runs 1 and 2 was the370

main bottleneck for the study of strange hadrons, which emerge from pp collisions at371

small angles with respect to the beamline. However, in the LHCb Upgrade, the new372

software only trigger makes it possible to select this type of decay more efficiently. Large373

backgrounds are expected from K0
S→ π+π− and Λ0→ p+π− decays, where both final state374

particles are misidentified. There is also a large component from material interactions.375

An HLT2 selection is developed, taking into account the selections used during Run 1376

and Run 2. It consists of a set of loose topological requirements on the muons and on the377

K0
S candidate, together with tight criteria on the muon identification algorithms, followed378

by a BDT. The training samples correspond to those discussed in Section 2. The results379

are shown in Table 12 for the HLT2 selection. The HLT1 efficiency is much lower since380

currently there is no dedicated HLT1 line to select strange decays.381

The performance of this selection largely depends on the muon identification require-382

ments, since these algorithms are not currently optimised for strange decays. The inclusion383

of tools similar to those in Runs 1 and 2, see Ref. [17], will make the selection more efficient,384

whilst keeping the K0
S→ π+π− background under control. Contributions from Λ0→ p+π−385

can be removed by vetoing µ+µ− candidates with mass hypotheses of p and π applied in386

a window around the Λ0 mass , or by applying cuts on the Armenteros-Podolanski plane.387

Material interactions can also be significantly reduced by the inclusion of new algorithms,388

as has been proved in Ref. [18].389

Currently, the main challenge for the upgrade trigger in K0
S→ µ+µ− decays is to390

reconstruct low transverse momentum particles in HLT1. For this purpose, a dedicated391

reconstruction algorithm is being developed based on the VELO-TT-Muon matching392

technique of Run 2 [19]. It has been shown that an inclusive s→ Xµµ trigger with the393

aforementioned improvements reaches an efficiency on filtered events in the 35–50% range394

for a final output rate of 15–40 Hz, assuming an efficient muon reconstruction is achieved395

in HLT1 within timing constraints.396

4.6.7 τ+→ µ+µ−µ+
397

Lepton flavour violating processes are allowed within the context of the Standard Model398

with massive neutrinos, but their branching fractions are beyond the reach of any currently399

conceivable experiment. Observation of charged lepton flavour violation (LFV) would400

therefore be an unambiguous signature of physics beyond the Standard Model. The search401

for LFV in τ− decays at LHCb takes advantage of the large inclusive τ− production402

cross-section at the LHC, where τ− leptons are produced almost entirely from the decays403

of b and c hadrons. In particular the main source of τ− leptons is the decay of D−s mesons.404

In the proposed selection, only two tracks have been requested to be compatible405
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with being muons. This increases the signal efficiency by roughly 20%. For the two406

tracks with muon compatibility, the output of an MVA discriminant based on the TMVA407

package [20] is used. It uses the spatial position of the hits in the muon chambers, the408

timing information of the hits and the crossing of the two views of the muon strips. The409

results are presented in Table 12, showing a signal efficiency of about 10% for a rate of410

30 Hz. This, with the event size, gives the output bandwidth as 120 kB/s.411

A better performing muon-identification algorithm using the same input variables but412

based on CatBoost has been developed, but at the time of writing it was not present in413

the simulated samples. With these ingredients the rate can be reduced below 30Hz and414

could be reduced even further with the new MVA discriminant.415

4.6.8 Inclusive detached dileptons416

An inclusive approach to triggering on a pair of detached dileptons (muons or electrons)417

is investigated and compared to the exclusive studies shown for B0 → K∗(892)0µ+µ− and418

B0 → K∗(892)0e+e− decays. The detached dileptons are expected to form a good quality419

vertex that is well separated from the primary vertex. The leptons are required to be420

inconsistent with originating from a primary vertex, to be positively identified as a muon421

or electron as appropriate and to be incompatible with being a ghost track.422

Separate multivariate classifiers are used to reduce the backgrounds for the muon and423

electron lines. Both are trained using upgrade simulation samples and are independently424

optimised to provide approximately 90% signal efficiency while rejecting more than 90%425

of the background. The variables used to discriminate between signal and background426

candidates include the transverse momenta of the detached tracks and their combination,427

separation of the tracks and vertex from the primary vertex, and the quality of the two428

or three body vertex. To make the lines as inclusive as possible, all displaced long and429

downstream tracks are saved, as are π0 candidates with loose requirements. Optimisation430

of these requirements to reduce the average event size is postponed to further study, so431

the event size below should be considered as an upper limit.432

The B0 → K∗(892)0µ+µ− HLT2 signal efficiency for the dimuon line is around 65%,433

which shows similar performance to the exclusive line described in Section 4.6.1. For434

the dielectrons, the signal efficiency for B0 → K∗(892)0e+e− decays is about 50%, again435

showing similar performance to the exclusive trigger, as seen in Table 12. The output rate,436

studied on upgrade minimum bias samples, is about 1.2 kHz (5.6 kHz) for the dimuon437

(dielectron) lines, as shown in Table 12. With similar average event sizes of around 40 kB,438

this corresponds to a bandwidth of 48 MB/s (220 MB/s), respectively. The efficiencies for439

the different HLT1 TOS scenarios are summarised in Table 14. The output rates of the440

selections fall by roughly a factor of two in the VTight case.441

These results show that inclusive triggers of this type are feasible for the upgrade442

trigger; future work will be done to optimise and improve the MVA selections and particle443

identification requirements for electrons in particular. More detailed studies to understand444

the event size will also be performed. In addition, similar selections, such as those described445

in Section 4.5.2, should be studied in parallel and combined if it is appropriate to do so.446
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Table 14: Relative Efficiency of the HLT2 inclusive dilepton selections given the different HLT1
scenarios. The relative efficiency is defined as the ratio of the number of candidates that are
TOS in a given HLT1 scenario to the number of candidates in which any particle(s) in the event
satisfies the VLoose HLT1 requirements.

Decay mode VLoose Loose Tight VTight

(%) (%) (%) (%)
B0 → K∗(892)0µ+µ− 98 94 92 84
B0 → K∗(892)0e+e− 97 90 88 72

4.6.9 Inclusive radiative trigger447

The use of inclusive radiative trigger lines, with a photon in the final state, is seen to be448

useful to study a variety of b→ sγ and b→ dγ decays, such as Λ0
b→ Λ∗0γ, B0→ ρ(770)0γ449

or B0→ K1(1270)+γ. In particular, the lines are designed to select a final state composed450

of either two or three hadrons and either a calorimetric or converted photon, resulting in451

four different trigger lines, one for each possible final state: HHγ, HHγ (e+e−), HHHγ and452

HHHγ (e+e−). In addition, extra hadrons are saved to allow for the selection of higher453

multiplicity decays using the same trigger lines.454

These lines exploit common features of radiative decays by applying efficient cuts on455

kinematic and topological variables, but not on the masses of the reconstructed particles.456

BDTs are trained for each trigger line, using upgrade simulation samples. In particular,457

B0→ K∗(892)0γ, B0
s→ φ(1020)γ and B0→ K1(1270)+γ decays are used as the signal458

proxy for the two-hadron lines and B0→ K1(1270)+γ decays for the three-hadron lines.459

The minimum bias upgrade simulation sample is used as the background sample for all460

lines. In addition, the set of variables used in the BDTs has been kept the same as it was461

in Run 2. Retraining the BDTs increases the signal efficiency and reduces the background462

rate, compared to using the Run 2 BDTs in upgrade conditions.463

The mass of the candidate particles is excluded from the variables used in the BDTs.464

Instead, the corrected mass of the b-hadron candidate, mcorr =
√
m2 + pT2

miss + pTmiss, is465

used. This variable allows to efficiently select a final state with up to one missing particle,466

as its performance degrades with the number of missing particles.467

The efficiencies and features of each line are presented in Table 15. The average event468

size is computed for the four lines together. The bandwidth required by each line is469

then 560 kB/s (HHγ), 360 kB/s (HHγ (e+e−)), 560 kB/s (HHHγ) and 160 kB/s (HHHγ470

(e+e−)). Note these numbers are considered as the lower limit, since the small event size471

does not yet include the full details of extra persisted tracks or additional calorimeter472

data that will be required by analysts in Run 3. The different HLT1 configurations are473

seen to have only a small effect on the signal efficiency, with a typical drop of around 20%474

between the VLoose and VTight scenarios.475

Finally, the lines also save extra hadrons coming from the same primary vertex, based476

on some topological cuts. This selection has been tuned using simulated B0→ K1(1270)+γ477

decays that have passed the HHγ lines, resulting in an 83% efficiency over reconstructible478

events, while increasing the average event size by only 0.1 kB.479
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Table 15: Efficiency, rate and event size of each of the radiative inclusive trigger lines with
respect to the relevant MC samples.

Line Decay mode Efficiency Rate Event size
(%) (Hz) (kB)

HHγ
B0→ K∗(892)0γ 13

140 4B0
s→ φ(1020)γ 19

B0→ K1(1270)+γ 9.3

HHγ (e+e−)
B0→ K∗(892)0γ 1.1

90 4B0
s→ φ(1020)γ 1.6

B0→ K1(1270)+γ 1.0
HHHγ B0→ K1(1270)+γ 8.0 140 4
HHHγ (e+e−) B0→ K1(1270)+γ 0.7 40 4

4.7 Inclusive topological trigger480

Inclusive b-hadron selections were used successfully during LHCb Run 1 and Run 2,481

covering the majority of b-hadron decay modes. These “Topological” triggers were482

designed to select b-hadron decays based on a two-, three- or four-body subset of the483

decay products, with the full decay chain built offline. A key strength of this strategy is484

that it allowed a full range of b-hadron decays to be selected, even those not considered485

until after the data had been collected, allowing the LHCb physics programme to continue486

to broaden with time. In particular, this kind of inclusive line is essential for studies of487

semileptonic b-hadron decays, where missing neutrinos ensure that the full decay chain488

can never be reconstructed. In addition, these selections can be used by a wide range of489

analyses of hadronic b-hadron decays. This section describes a feasibility study of similar490

selections for Run 3 conditions.491

Inclusive selections based on two- and three-body combinations of detached tracks492

have been implemented. The four-body selections are left for future work since both493

the bandwidth and signal efficiency are dominated by two- and three-body selections in494

Run 2. Two- and three-body combinations of detached tracks are selected, and some loose495

kinematic and topological requirements are applied to ensure they form a good quality496

vertex. Multivariate classifiers are then applied separately to candidates from the two-497

and three-body selections. The classifier is trained to separate between minimum bias and498

a cocktail of seven signal samples covering the spectrum of b-hadron decays. The variables499

used to discriminate between signal and background candidates include the transverse500

momenta of the tracks and the two- or three-body combination, separation of the tracks501

and vertex from the primary vertex, and the quality of the two- or three-body vertex.502

The training of the classifier is currently limited by the size of the simulated samples, and503

a full optimisation of the classifier hyperparameters, so the performance is expected to504

be a conservative estimate. At a working point giving roughly 75% purity in minimum505

bias, 75% of signal events containing an initial two-body candidate are selected. This is506

comparable to the performance of the topological trigger used during Run 2.507

To make full use of an inclusive trigger many detector objects outside of the trigger508

candidate need to be saved, and so the event size is expected to be larger than for an509

exclusive b-hadron decay selection which does not include flavour tagging. These trigger510

lines will select a large fraction of the total b-hadron decay spectrum, and are therefore511
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expected to have a high output rate. For this reason the output bandwidth for this512

strategy is expected to be large. In order to reduce the output bandwidth, the average513

event size is reduced as much as possible. The advantage of an inclusive trigger is that514

it can be used for many purposes which were not originally foreseen, this means that515

care must be taken when considering what additional information is required. It is easy516

to identify some parts of the event which will not be needed because the majority of517

tracks are easily assigned to one of the other primary vertices in the event, and these518

clearly have no relevance to the production or decay of the signal b-hadron. Additional519

charged tracks therefore are only saved if they originate from the same primary vertex as520

the signal candidate or if they are strongly detached from any primary vertex, giving an521

average event size of 35 kB. Adding downstream tracks, those without hits in the vertex522

detector, and neutral particles adds between 5 to 15 kB to the event size. Three scenarios523

are considered for the persisted event size, including only additional charged tracks, and524

extensions to include downstream tracks and also neutral particle information.525

The output rate of the topological trigger is found to be 60 kHz, corresponding to526

a bandwidth of 2.1, 2.4 and 3.0 GB/s for the three event-size scenarios. This compares527

favourably to the best-case total available upgrade bandwidth of 10 GB/s, and would528

allow the full physics programme to proceed. For the most pessimistic scenario of 2 GB/s,529

it is clear that the selection requirements would have to be significantly tighter and choices530

about the priorities within the physics programme would be required. For the intermediate531

case of 5 GB/s the full physics programme can be included, though it may rely on some532

more stringent selection requirements. Nevertheless, this study shows that this approach533

is feasible in the upgrade regime. Future studies to improve the multivariate classifiers534

and the persisted event size are expected to give further reductions in the bandwidth535

requirements. The 50 kB option is considered as the baseline approach because it is the536

most inclusive approach and provides analysts with the maximum amount of flexibility.537

Reducing the event size further by removing potentially useful parts of the event will only538

be considered as a last resort.539

4.8 QCD, electroweak and exotica540

If dark sector particles are not charged under Standard Model forces, even relatively light541

dark matter candidates can evade detection in particle physics experiments. Dark photons542

(A′) are a promising candidate for force-mediating particles within the dark-sector. The543

dark photon can kinetically mix with the Standard Model photon, thereby allowing us to544

explore this dark sector.545

While LHCb will also perform searches for dark photons in the exclusive D∗(2007)0 →546

D0(A′ → e+e−) channel, and inclusive A′ → e+e− and prompt A′ → µ+µ− channels, this547

analysis focuses on the displaced muonic decay. The dimuon mass range considered is548

restricted to 214 < A′ < 350MeV. Hence, reconstructing soft muons is paramount. The549

selection uses kinematic and decay topology requirements, giving a signal efficiency of550

about 50% for a rate of around 100 Hz for the HLT1 VLoose option. With an event size551

of 3 kB this corresponds to an output bandwidth of 300 kB/s, as shown in Table 16.552

Note that this event size is a lower limit, future studies to include additional tracks and553

detached vertices for isolation requirements will increase it. Moving to the VTight HLT1554

requirements reduces both the signal efficiency and rate by around a factor of two.555
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Table 16: Signal efficiency, rate, event size and bandwidth of the A′ → µ+µ− selection.

Decay mode Efficiency Rate Sig. rate Event size Bandwidth
(%) (Hz) (Hz) (kB) (kB/s)

A′ → µ+µ− 50 100 < 0.1 3 300

5 Conclusion556

This note summarises the first round of studies towards the trigger selections required557

for the LHCb upgrade project, including decays from each corner of the diverse physics558

programme. Work is underway to ensure optimal performance for strange, charm and559

beauty decays. Studies of around 30 exclusive trigger lines and six inclusive triggers are560

presented. The following paragraphs address the aims presented in Section 1.561

A summary of the exclusive trigger studies is shown in Table 17. For hadronic b-562

hadron decays, such as beauty to open charm and charmless beauty decays, the next563

steps are to compare the performance of the exclusive selections with the topological564

trigger to decide on the best approach for each group of decay modes. Similarly for those565

decays including dileptons, from rare decays and charmonia, the inclusive and exclusive566

approaches must be compared and combined as necessary. For the high-rate charm decays567

it will be important to study the use of multivariate selections to reduce the output rates.568

However, extrapolations from the results here suggest that the total charm bandwidth569

requirements will be manageable. The final selections and choice of working points to570

tune the efficiencies and bandwidth for each mode are left to future studies.571

Studies of the effects of the various HLT1 requirements on the HLT2 selections have572

been performed, showing up to 50% losses in signal efficiencies between the VLoose and573

VTight scenarios for a wide range of the physics programme. The largest effects are seen574

for charm decays. This provides a clear motivation to ensure that VLoose is the baseline575

choice for HLT1.576

The performance of the inclusive triggers is summarised in Table 18. Overlaps between577

these inclusive selections, in particular those using dimuons will be studied in the future.578

It will also be important to compare the signal efficiency between inclusive and exclusive579

approaches for individual channels. The results from the upgrade topological trigger580

look promising, both in terms of the expected efficiencies and the output rate. The581

recent LHCb computing TDR [3] states that such a trigger will be used, in at least the582

first year of the LHCb upgrade, for the majority of the b-hadron physics programme, so583

work to increase the purity of the selections and to reduce the event size and bandwidth584

required will be ongoing. Nevertheless, the studies shown here provide confidence that585

this approach is feasible in the upgrade regime. It should be noted that the inclusion586

of such inclusive triggers in no way invalidates the exclusive trigger studies for b-hadron587

decays. The exclusive selections can still be used in HLT2 if required, or will be necessary588

at a later stage in the offline data processing.589

A clear success of the studies presented is the use of multivariate techniques to reduce590

the backgrounds, and therefore the rates, by up to three orders of magnitude for similar591

signal efficiencies when compared to the cut-based preselections used in Runs 1 and 2.592

This demonstrates that it will be important to investigate moving away from cut-based593

selections and using more advanced methods for the majority of upgrade trigger lines.594
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Ultimately it is expected that as much of the b-hadron physics programme as possible595

will move towards the Turbo paradigm, and the numerous studies presented here show the596

potential to have efficient, exclusive selections with low bandwidth use for a wide range of597

b-hadron decays modes. The studies here show the event size of a Turbo event will be598

similar to Run 2. The cost of including tracks for flavour-tagging is around 10 kB per599

event. For the inclusive approaches, adding all additional tracks and neutral objects from600

the same primary vertex increases the event-size by about a factor of ten from the typical601

Turbo event size.602

Further studies will follow over the next two years. This will include moving to the603

new HLT2 selection framework to allow timing studies to be performed. Refinement of604

the event model may help to reduce the average event sizes, and careful optimisation by605

analysts will improve the purity and reduce the output rate of the selections. The results606

so far look promising, but focused effort is required to reach the targets of the project.607
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A Appendix654

This section contains additional, detailed, information on the selection requirements for655

some of the studies described previously.656

A.1 Beauty to open charm657

Table 19 presents the selection criteria for beauty to open charm decay modes. In the658

table the following definitions are used:659

topo-track: χ2
trk < 4 & pT > 500 & p > 5000;660

topo-ks: pT > 500 & p > 5000 & χ2
FD(PV) > 1000;661

disp-track: pT > 1700 & p > 10000 & χ2
trk < 4 & χ2

IP > 16 & IP> 0.1mm.662

The “BBDT” included in the B+ → D0(→ K0
Sπ

+π−)K+ selection is a generic B hadron663

BDT which is included in all of the current B2OC stripping lines. Additional variables in664

table 19 are defined as follows:665

• χ2
vtx/ndf - vertex fit quality;666

• χ2
IP - significance of the impact parameter;667

• BPVDIRA - cosine of the angle between the B candidate momentum vector and668

the line connecting the PV and B decay vertex;669

• χ2
FD(PV ) - significance of the flight distance with respect to the PV;670

• χ2
trk - quality of the track fit;671

• ADOCAMAX - maximum distance of closest approach between the particle decay672

products;673

• ghost prob - the probability that a track is a ghost track (random hits passing the674

track fit);675

• PIDK - particle identification variable to discriminate between kaons and pions;676

• BPVVDRHO - cylindrical distance between the particle decay vertex and the PV;677

• BPVVDZ - distance between the particle decay vertex and the PV along the beam678

axis.679

A.2 Beauty to charmonia680

The selections for the beauty to charmonia decays are given in Table 20 for681

B0→ J/ψ (→ µ+µ−)K0
S (→ π+π−) decays, Table 21 for B0→ J/ψ (→ µ+µ−) ρ0) decays,682

Table 22 for B0
s→ J/ψ (→ e+e−)φ decays and Table 23 B0

s→ J/ψ (→ µ+µ−)φ decays.683

The following variable definitions are used in the above Tables:684

• PIDµ - particle identification variable to discriminate between muons and pions;685
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Table 20: Selection criteria used to identify B0→ J/ψK0
S candidates. Numbers in parentheses

refer to cuts which are only applied to LL candidates.

Target Variable Requirement
B0 mµµππ [5000,5650] MeV/c2

χ2
vtx/ndf < 10
τ > 0.2 ps
χ2 distance from related PV > 121
largest minimum χ2

IP > 9
J/ψ mpπ mJ/ψPDG ± 80 MeV/c2

χ2
vtx/ndf < 16

ADOCAMAX χ2 < 20
largest minimum χ2

IP > 9
µ± PIDµ > 0

pT > 0.5 GeV
K0

S mππ mK0
SPDG ± 64(35) MeV/c2

χ2
vtx/ndf < 25

ADOCAMAX χ2 < 25
π± p > 2 GeV/c

pT (> 0.25 GeV/c)
minimum χ2

IP > 4(9)

Table 21: Preselection criteria used to identify B0
s → J/ψρ(770) candidates.

Target Variable Requirement
B0
s χ2

vtx/ndf < 10
χ2
IP < 25

BPVDIRA > 0.999
J/ψ χ2

vtx/ndf < 16
Mass window mJ/ψPDG ± 80 MeV/c2

µ± PIDµ > 0
pT > 500 MeV

π± pT > 250 MeV
χ2
IP > 4

PIDK > −10
π+π− Sum pT > 900 MeV

χ2
vtx/ndf < 16

All tracks χ2
track/ndf < 5

• ADOCAMAX χ2- significance of the distance of closest approach between the686

particle decay products;687

• PIDe - particle identification variable to discriminate between electrons and pions.688
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Table 22: Selection criteria used to identify B0
s → J/ψ (e+e−)φ candidates.

Target Variable Stripping Offline Tight

B0
s m ∈[3600, 6000] MeV/c2 - -

χ2
vtx/ndf <10 - -
τB0

s
>0.3 ps - -

χ2
vtx - - <20

J/ψ χ2
vtx/ndf <15 - -
pT - >400 MeV/c >2000 MeV/c
Mass window ∈[1700, 3600] MeV/c2 - -

e± PIDe >0 - >4
χ2
track/ndf <5 <4 -
χ2
IP - >0 -
pT >500 MeV/c - -

φ pT >1000 MeV/c - >1500 MeV/c
χ2
vtx/ndf <15 <9 -

Mass window ∈[990, 1050] MeV/c2 - -

K± PIDK >-3 >0 -
χ2
track/ndf - <4 -
pT - >200 MeV/c -
p - >2000 MeV/c -
ghost prob - < 0.5 -

Table 23: Selection criteria used to identify B0
s → J/ψ (µ+µ−)φ candidates.

Target Variable Requirement
B0
s Mass window ∈ [5150, 5550]MeV/c2

χ2
vtx/ndf < 20
τ > 0.2 ps

J/ψ ADOCAMAX χ2 < 20
χ2
vtx/ndf < 16

Mass window ∈ [3020, 3170] MeV/c2

µ± PIDµ > 0
pT > 500 MeV/c

φ ADOCAMAX χ2 < 30
pT > 500 MeV/c
Mass window ∈ [980, 1050] MeV/c2

χ2
vtx/ndf < 25

K± PIDK > 0
All tracks χ2

track/ndf < 5

A.3 Charmless beauty decays689

The selection criteria for the B0
s → φφ decay are given in Table 24.690
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Table 24: Summary of the Stripping selections for the B0
s → φφ decay.

Target Variable Requirement
B0
s χ2

vtx/ndf < 15
φ pT > 2 GeV2/c2

χ2
vtx/ndf < 15

Mass Window < 25 MeV/c2

φ1 pT × φ2 pT > 2 GeV2/c2

K± pT > 400 MeV/c
χ2
IP > 2.5

PIDK > −5

A.4 Beauty hadrons and quarkonia691

The selection requirements for Λ∗0b → Λ0
bπ

+π− decays are shown in Table 25. An additional692

variable is defined as693

• PIDp - particle identification variable to discriminate between protons and pions.694

A.5 Rare decays695

The selection requirements for the B0→ K∗0µ+µ− decay mode are given in Tables 26696

and for B0→ K0
Sµ

+µ− in Table 27. Those for the rare decay B0
s→ µ+µ− are shown in697

Table 28, for B0 → K∗0γ decays in Table 29 and for B+→ K+π−π+γ decays in Table 30.698

An additional variable is defined as699

• χ2
VS- significance of the vertex separation between the production and decay vertices.700
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Table 25: Selection requirements for the Λ∗0b → Λ0
bπ

+π− decay mode.

Target Variable Requirement
Λ∗0b Mass window mΛ∗0

b PDG ± 100 MeV/c2

m(Λ0
bπ

+π−)−m(Λ+
c π) 30 MeV/c2

χ2
vtx/ndf < 5

Λ0
b χ2

vtx/ndf < 10
τΛ0

b
> 0.2 ps

Mass window 5400–5800 MeV/c2

χ2
IP < 25

BPVDIRA > 0.999
disp-track True
topo-track True

Λ+
c χ2

vtx/ndf < 10
BPVDIRA > 0
ADOCAMAX 0.5 mm
χ2
FD(PV ) > 36
p > 5000 MeV/c
pT > 500 MeV/c

All tracks χ2
trk < 4
p 1000 MeV/c
pT 100 MeV/c
minimum χ2

IP > 4
ghost prob < 0.4

π± PIDK < 3
K± PIDK > 5
p± PIDp > −5
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Table 26: The non-bracketed numbers show the original stripping selection for B0→ K∗0µ+µ−.
The bracketed numbers indicate how the selection was loosened when producing simulation
samples with which to train the BDT.

Target Variable Requirement
B0 χ2

IP < 16(25)
Mass window 4800 MeV/c2 < M < 7100 MeV/c2

BPVDIRA > 0.9999(0.9995)
χ2
FD > 121(9.0)
χ2
vtx/ndf < 8(25.0)

K∗0 Mass window < 6200 MeV/c2

χ2
vtx/ndf < 12(25)
χ2
FD > 9(0)

µ+µ− m(µ+µ−) < 7100 MeV/c2

χ2
vtx/ndf < 12(25)
χ2
FD > 9(4)

All tracks ghost prob < 0.4(0.5)
minimum χ2

IP > 6(4)

Table 27: Selection requirements for the B0→ K0
Sµ

+µ− trigger line.

Particle Requirement
B0 χ2

FD(PV) > 100
BPVDIRA > 0.9995
χ2
IP (PV) < 25
χ2
vtx < 9
|m−mB+| < 1500 MeV

µ+µ− χ2
FD(PV) > 16
χ2
vtx < 9
m < 5500 MeV
pT > 0 MeV
χ2
IP (PV) > 0

µ χ2
IP (PV) > 9
pT > 300 MeV

K0
S pT > 400 MeV

m < 2600 MeV
minimum χ2

IP > 9
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Table 28: HLT2 selections for B0
s→ µ+µ− decays. The alternative selection uses the new muon

classifier, chi2corr, that profit of the correlation of hits close to the extrapolated track in the
muon detector.

Target
Default
selection

Alternative
selection

Tracks
χ2
IP(PV ) > 25
χ2
track < 4

ghost prob < 0.4

χ2
IP(PV ) > 9

pT > 500MeV
chi2corr < 5

µ+µ−
|m(µ+µ−)−MPDG

B0
s
| < 1200 MeV/c2

ADOCAMAX < 0.3mm
|m(µ+µ−)−MPDG

B0
s
| < 1000 MeV/c2

B

IP χ2 < 25
vertex χ2/ndf < 9

χ2
FD > 225

BPVDIRA > 0

χ2
FD > 0

Table 29: Pre-training selection of B0 → K∗0γ and B0
s → φγ decays, based on Bd2KstGamma

and Bs2PhiGamma Hlt2 lines with some looser cuts(*).

Target Variable Requirement
B χ2

vtx/ndf < 20*
χ2
IP < 12
pT > 1500 MeV/c *
Mass window 1000 MeV/c2

K∗(φ) χ2
vtx/ndf < 20*

Mass window 100(20) MeV/c2

All tracks χ2
track/ndf < 4
χ2
IP > 20
pT > 300 MeV/c *
p > 1000 MeV/c *

Photon pT > 2000 MeV/c

30



Table 30: Selection criteria used to identify B+→ K+π−π+γ candidates.

Target Variable Requirement
B+ Photon and tracks

∑
pT > 3000 MeV

DIRA > 0
χ2
vtx/ndf < 9
χ2
IP < 9

Mass window ∈ [2400− 6500] MeV/c2

Three-track pT > 1000 MeV/c
χ2
vtx < 9
χ2
VS > 0

Mass window ∈ [0− 7900] MeV/c2

All tracks pT > 300 MeV/c
p > 1000 MeV/c
χ2/ndf < 3
χ2
IP > 20

ghost prob < 0.4
Photon ET > 2000 MeV

Neutral vs charged identification > 0

31


	Introduction
	Data samples
	First stage: HLT1
	Second stage: HLT2
	Charm
	Beauty to open charm
	Beauty to charmonia
	Charmless beauty decays
	Beauty hadrons and quarkonia
	Selection for excited  0b decays
	HbJ-3mu/-2mu 2mu X decays

	Rare decays
	B 0 K*0 +-
	B 0 K*0 and B 0s 
	B + K +- +
	 0b 
	B 0s  +-
	K 0 S  +-
	 +  +- +
	Inclusive detached dileptons
	Inclusive radiative trigger

	Inclusive topological trigger
	QCD, electroweak and exotica

	Conclusion
	References
	Appendix
	Beauty to open charm
	Beauty to charmonia
	Charmless beauty decays
	Beauty hadrons and quarkonia
	Rare decays


