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LHCb timeline
‣ Three main periods of LHCb to discuss: 

• Run 1+2 (existing data) 
• Run 3+4 (new detector in commissioning now) 
• Upgrade II/HL-LHC plans 

‣ First: Run 1+2 at LHCb 
• Overview of LHCb 

• Performance and trigger strategies 
• Next talks: Overview of results 

- CPV, rare beauty and charm, EW precision, heavy ions, b and c 
spectroscopy… 

‣ Next: performance predictions for upgrade LHCb 
detectors 
• Including status for Run 3
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‣ The LHC has a huge cross section of b and c 
hadrons 
•   

• Factor of 20 larger for charm 
• ALL types of b and c hadrons produced 
‣ LHCb designed as forward spectrometer to 

focus on  production region 
• Detector acceptance  

‣ LHCb uses luminosity levelling 
• proton beams are displaced 
• keeps run conditions more stable during fills 
• reduces interactions per bunch crossing to 1-2

bb̄
2 < η < 5

LHCb first principles
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 σ(bb̄)(7 TeV) = 295 μb
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The LHCb detector in Run 1+2
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Working outward: 
VELO 
RICH1 
TT 
Magnet 
OT+IT (T-stations) 
RICH2 
Muon station 1 
SPD/PS 
ECAL 
HCAL 
Muon stations 2-5

Tracking 
Particle ID 
Both
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Particle identification and energy determination at LHCb
‣ ECAL resolution: 1 % + 10 %/ √(E[GeV])  
‣ RICH detectors: Hadron ID at ~95% 

efficiency (misID  ~5%) 
‣ Electron ID: 

• 97% electron ID efficiency 

• misID  ~5% 

‣ Muon ID: 
• 97% muon ID efficiency 

• misID  ~1-3%

π ↔ K

e ↔ π

e ↔ π

5

Momentum (MeV/c)
0 20 40 60 80 100

310×

Ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4
) > 0π LL(K - Δ

) > 5π LL(K - Δ

 K→K 

 K→ π

 = 13 TeV 2017 validations
LHCb

Paras Naik 2022 September 5, LHCb Week

• Misaligned systems result in sinusoidal distributions in Cherenkov angle vs. azimuthal 
angle around the ring.  These are studied for all mirror combinations in a complete 
subset (16 combinations in RICH1, 94 combinations in RICH2).

• By fitting these distributions, we determine the mirror misalignments, and correct 
the description of the geometry used by the reconstruction (and iterate if necessary).

• Run 3: New RICH1 detector and RICH2 electronics, but same number and topology 
of primary and secondary mirrors — core alignment procedure remains unchanged.

RICH 2

2

RICH MIRRORS’ ALIGNMENT

Misaligned Aligned
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Tracking and vertexing at LHCb
‣ Vertexing: 

• Best vertexing inside the VELO 
- But still reconstruct particles decaying downstream 

• (15 +29/pT[GeV] ) μm impact parameter resolution 
• 45 fs decay time resolution 
‣ Tracking: 
‣ 96% track reconstruction efficiency 
‣ Momentum resolution: 
‣  (5-100 GeV ) 

‣  (200 GeV )
Δp/p = 0.4 − 0.6 %
Δp/p = 1 %
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Figure 1: Comparison of the B0
s decay time resolution in B0

s ! J/ � decays for data samples

collected in 2012, 2016, 2017 and 2018 as a function of B0
s momentum.
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Figure 2: Comparison of the B0
s decay time resolution in B0

s ! J/ � decays for data samples

collected in 2016, 2017 and 2018 as a function of the estimated decay time error.

The decay time resolution at LHCb is estimated using the decay time of prompt J/ 1

mesons. The event selection and the analysis are described in detail in [1]. Figure 1 shows2

the comparison of the decay time resolution of the B0
s mesons reconstructed in the decay3

chain B0
s ! J/ �, J/ ! µ+µ�

, � ! K+K�
for the 2012, 2016, 2017 and 2018 data4

samples in bins of B0
s momentum. The resolution results to be similar in 2015 and 2016,5

which has been shown previously [2]. The improvement in the 2017 data sample compared6

to the 2016 data sample (Figure 3) is due to a better track fit model introduced in 2017.7

Typically, the decay time error is calibrated as a function of the estimated decay time8

error. Figure 2 shows the dependence for the 2016, 2017 and 2018 data samples. A new9

alignment of the tracking system was evaluated and included in the reconstruction during10

the technical stop in June 2018. Figure 4 shows the comparison in resolution for the two11

di↵erent samples in 2018. As can be seen, the re-alignment did not significantly a↵ect the12

proper time resolution.13

1

displaced vertex (eg. KS)
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Tracking and vertexing at LHCb
‣ Vertexing: 

• Best vertexing inside the VELO 
- But still reconstruct particles decaying downstream 

• (15 +29/pT[GeV] ) μm impact parameter resolution 
• 45 fs decay time resolution 
‣ Tracking: 

• 96% track reconstruction efficiency 
• Momentum resolution: 

-  (5-100 GeV ) 

-  (200 GeV )
Δp/p = 0.4 − 0.6 %
Δp/p = 1 %
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Mass resolution and trigger
‣ Between Run 1 and Run 2, switched to buffer events before final 

reconstruction to allow real time alignment + calibration 
‣ Mass resolution at LHCb: 

• ~8 MeV/c2 for B → J/ψ X decays with constraint on J/ψ mass 
• ~22 MeV/c2 for two-body B decays  
• ~100 MeV/c2 for Bs → φ γ, dominated by photon contribution 
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Run 3 and LHCb Upgrade I
‣ Many current LHCb measurements are 

statistically limited 
‣ Plan a new target luminosity for Run 3: 

•  cm s  

• This is 5x larger than before 
• Expected pile-up: ~5 
• 50 fb-1 integrated luminosity Run 3+4 
‣ We need a new trigger strategy to deal 

with this situation! 
• Run 1+2 hadronic trigger with hardware first 

stage is saturated 
‣ We need new hardware and 

electronics too!

Lpeak = 20 × 1032 −2 −2

Figure 1. Low-level trigger efficiency normalised to that of Run 1 as a function of luminosity for selected
hadronic decays. Several modes saturate before the nominal Run 3 luminosity of 2�1033 cm�2 s�1.

Figure 2. Rates in MHz of events containing reconstructible beauty, charm, and light hadrons passing pT
(left) and decay time (right) requirements in simulated upgrade conditions.

2. The anatomy of an LHCb upgrade event

The LHC will provide LHCb with an instantaneous luminosity of 2�1033 cm�2 s�1 with 30 MHz
of visible pp interactions. A study has been performed in which the rates of decays of interest to
LHCb selected by an idealised trigger are presented [6]. At 13 TeV and with a pileup of µ = 5.2
almost every event will contain partially reconstructible signal of interest to the LHCb physics pro-
gramme. The expected size of an LHCb event in Run 3 is 100 Kb. Assuming a 100% efficient

– 2 –

Figure 1: Trigger yield dependance on the instantaneous luminosity.

all the events at the LHC inelastic event rate exploiting a fully software-based trigger. To
sustain the new experimental conditions, all the LHCb sub-detectors will be upgraded as well
the detector readout system.

2.1. The LHCb trigger and readout upgrade

The current trigger strategy at LHCb is based on a first hardware-based trigger step, called
Level 0 (L0), followed by a selection performed by a software-based High Level Trigger (HLT).
The L0 reduces the event rate from the LHC bunch crossing rate of 40 MHz up to 1 MHz,
basing on measurements performed by the calorimeters and the muon chambers. The HLT then
performs a first partial event reconstruction at the rate of 1 MHz, that is the LHCb detector
readout rate. Then, a full reconstruction of events with o✏ine-like quality is performed at the
rate of 150 KHz. Finally, the selected events are stored at a rate of 12.5 KHz.

However, the current readout and triggering scheme is a limiting factor for the trigger
e↵ectiveness at Upgrade conditions. Figure 1 shows that the trigger yield on many hadronic
channels already saturates at the current luminosity of LHCb, not increasing for higher values
of the luminosity.

To be able to e�ciently run at increased luminosity, the L0 hardware-based trigger will be
removed, and events will be selected by the software-based HLT alone. The HLT will perform a
full reconstruction of events at the LHC inelastic event rate of 30 MHz. O✏ine precision particle
identification and track quality information will be exploited to reduce the rate down to 20-100
KHz. The new trigger strategy will increase the triggering e�ciency on the hadronic channels
by a factor 2 to 4 with respect to Run 1 [7], corresponding to an increase by a factor 10 to 20
of the hadronic yields.

The detector readout scheme will be upgraded, in order to process events at 40 MHz rate.
The readout signals will be sent to the surface by 300 m long optical links to an event builder
farm. An uniform infrastructure based on PCIe40 cards will be used for data readout, slow and
fast control. Events will be distributed by data-centre technology networking to the triggering
farm, composed by standard dual-socket x86 servers.

2.2. The LHCb detector upgrade

The LHCb detector needs to be upgraded to sustain the renewed experimental challenges due
to the increased luminosity. Higher granularity and radiation tolerance are required for the
sub-detectors, in particular for the tracking sub-detectors, as well as new front-end and readout
electronics. Figure 2 shows a sketch of the upgraded LHCb detector.
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Upgrading the LHCb trigger and software
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Upgrading the LHCb trigger and software
‣ First GPU trigger in a HEP experiment!
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GPU tracking performance

‣ Tracking efficiency through different LHCb tracking stations 
• Excellent track reconstruction efficiency (> 99% for VELO, 95% for high-p forward tracks)  
‣ At right: momentum resolution for pure GPU tracking

12

LHCB-FIGURE-2020-014

2.2.1 Comparison plots between electrons and non-electrons
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Figure 4: Tracking e�ciencies for HLT1 electron (blue) and non-electron (black) SciFi seeds (left)
and VeloSciFi tracks (right) from B decays as function of momentum p, transverse momentum
pT and pseudo-rapidity ⌘. The plots are showing reconstructed tracks from 5000 simulated
B0

s ! �� (black) and B0 ! K⇤0e+e� (blue).
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GPU tracking

https://cds.cern.ch/record/2722327/files/LHCb-FIGURE-2020-014.pdf
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Upgrading the LHCb 
hardware

VELO installation
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Upgrading the LHCb 
hardware
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ON-SITE DATA CENTRE 
Processing readout from front-end 
electronics and running event 
reconstruction for full software trigger

SMOG2 
New gas cell upstream of the VELO. 
Gives up to 100x increase in gas 
pressure for fixed target mode

PLUME: NEW 
LUMINOMETER 
Cherenkov quartz detector. 
Delivers online and offline 
luminosity, measures radiation 
background.

RADIATION SAFETY AT LHCb 
Replaced Beam Conditions Monitors 
from Run1+2 and added new 
Radiation Monitoring System

BCM-U 

14

‣ Limited space 

‣ Sliding doors with half ring 

‣ Most activated area at LHCb 

‣ Quick replacement, in case of damage

Holger Stevens | 08.Jul.2022 | LHCb beam monitoring and safety systems
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First 
collisions! 
LHCb control room 
July 5 2022

Current status: 
Almost all of LHCb is 
installed! 
Commissioning in progress
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Current status: 
Almost all of LHCb is 
installed! 
Commissioning in progress

First 
collisions! 
LHCb control room 
July 5 2022
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Run 3/4 performance projections
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Table 2.1: Anticipated uncertainties at future upgrades of LHCb for some key flavour observables,
modified and updated from Ref. [3]. Upgrade I projections are given both with the data
sample available after Run 3 (23 fb�1) and with that after Run 4 (50 fb�1). Uncertainties are
extrapolated assuming that systematic uncertainties will not becoming limiting (see Ref. [3] for
further discussion).

Observable Current LHCb Upgrade I Upgrade II
(up to 9 fb�1) (23 fb�1) (50 fb�1) (300 fb�1)

CKM tests
� (B ! DK, etc.) 4� [9, 10] 1.5� 1� 0.35�

�s (B0
s ! J/ �) 32 mrad [8] 14mrad 10mrad 4 mrad

|Vub|/|Vcb| (⇤0
b ! pµ�⌫µ, etc.) 6% [29,30] 3% 2% 1%

ad
sl

(B0
! D�µ+⌫µ) 36 ⇥ 10�4 [34] 8 ⇥ 10�4 5 ⇥ 10�4 2 ⇥ 10�4

as
sl

(B0
s ! D�

s µ+⌫µ) 33 ⇥ 10�4 [35] 10 ⇥ 10�4 7 ⇥ 10�4 3 ⇥ 10�4

Charm
�ACP (D0

! K+K�,⇡+⇡�) 29 ⇥ 10�5 [5] 13 ⇥ 10�5 8 ⇥ 10�5 3.3 ⇥ 10�5

A� (D0
! K+K�,⇡+⇡�) 11 ⇥ 10�5 [38] 5 ⇥ 10�5 3.2 ⇥ 10�5 1.2 ⇥ 10�5

�x (D0
! K0

S⇡
+⇡�) 18 ⇥ 10�5 [37] 6.3 ⇥ 10�5 4.1 ⇥ 10�5 1.6 ⇥ 10�5

Rare Decays
B(B0

! µ+µ�)/B(B0
s ! µ+µ�) 69% [40,41] 41% 27% 11%

Sµµ (B0
s ! µ+µ�) — — — 0.2

A(2)

T
(B0

! K⇤0e+e�) 0.10 [52] 0.060 0.043 0.016
AIm

T
(B0

! K⇤0e+e�) 0.10 [52] 0.060 0.043 0.016
A

��

�� (B0
s ! ��) +0.41

�0.44 [51] 0.124 0.083 0.033
S��(B0

s ! ��) 0.32 [51] 0.093 0.062 0.025
↵�(⇤0

b ! ⇤�) +0.17
�0.29 [53] 0.148 0.097 0.038

Lepton Universality Tests
RK (B+

! K+`+`�) 0.044 [12] 0.025 0.017 0.007
RK⇤ (B0

! K⇤0`+`�) 0.12 [61] 0.034 0.022 0.009
R(D⇤) (B0

! D⇤�`+⌫`) 0.026 [62,64] 0.007 0.005 0.002

2.3.1 Prospects for running LHCb at high luminosity

For fixed values of the HL-LHC beam parameters (number of bunches, filling scheme, bunch
population, bunch length, transverse emittance) the luminosity delivered at LHCb will essentially
depend on the minimum �⇤ and crossing angle2 achievable at the interaction point. LHCb physics
will benefit from maximising the RMS of the luminous region, both in space and time, since this
allows to better resolve the primary interaction vertices in a high pile-up environment [2].

The minimum �⇤ and crossing angle are constrained by the available magnet strength, beam-
beam e↵ects, and aperture considerations. A possible set of HL-LHC compatible parameters
have been identified and are listed in Table 2.2, for a vertical crossing angle. This configuration
will achieve identical interaction point (IP) characteristics (luminosity, pile-up, and size of the
beam spot) for each detector magnet polarity, which is highly desirable for the LHCb physics
programme, since it minimises systematic uncertainties in CP -violation measurements. As a
result, the luminosity integrated per year at LHCb is ⇠ 50 fb�1, for a target leveled luminosity
of at least 1.5 ⇥ 1034 cm�2s�1. In the same table, the luminosity integrated per year by ATLAS
and CMS is also given, which takes into account the additional beam burn-o↵ at the LHCb
collision point, and this results in a ⇠ 2 % decrease with respect to the Run 4 expectation (other

2The crossing angle is defined as the full angle between the two nominal beam directions at LHCb.
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LHCb at the HL-LHC
‣ Target: 300 fb-1 in Run 5+6 

• Expected pile-up: 40 
• 200 Tb/second data produced 

• GOAL: same LHCb physics performance in more difficult 
conditions 

‣ Separating events will require precision timing and 
new detectors 
• Aiming for a 4D VErtex LOcator 
• “5D” electron calorimeter 
• Timing improvements for all subdetectors 
• New tracking stations INSIDE magnet envelope (aim to have 

these in for Run 4) 
‣ New technologies in R&D right now! 

• Subdetector technical reports expected after Run 3
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Figure 2.5: (left) The proposed layout of a station of the Upgrade II tracker with scintillating fibres
(blue), silicon middle tracker (black), and silicon inner tracker (yellow). (right) The LHCb dipole magnet,
with the white outline indicating the area to be covered by the Magnet Station. A symmetrical module
will cover the opposite face of the magnet.

for Upgrade II, and in some cases enhanced. A common theme of these developments will be
improved granularity and, for certain subdetectors, fast timing of the order of a few tens of
picoseconds, in order to associate signals with one, or a small number, of pp interactions in the
bunch crossing. Here a brief overview of initial plans and early R&D directions is presented. A
more extensive discussion can be found in the EoI [1].

2.3.2.1 Hadron identification: the RICH system and the TORCH

The RICH system of Upgrade II will be a natural evolution of the current detectors and those
being constructed for Upgrade I. There will be two counters, an upstream RICH 1 optimised
for lower momentum tracks, and a downstream RICH 2, both occupying essentially the same
footprint as now.

In order to cope with the increased track multiplicity it will be necessary to replace the
MaPMTs of Upgrade I with a new photodetector of higher granularity. Several candidate
technologies are under consideration, with SiPMs being a leading contender. Other possibilities
include vacuum devices such as MCPs, HPDs and MaPMTs. Fast timing is an additional
desirable attribute in order to reduce the computing time required for the pattern recognition.
Active R&D is being pursued into all of these options.

As well as reducing the occupancy it will be necessary to improve the Cherenkov angle
resolution by around a factor of three in both counters with respect to the specifications of
Upgrade I. This goal can be achieved by redesigning the optics, for which a preliminary design
already exists, ensuring that the response of the photodetectors is weighted towards longer
wavelengths, and taking advantage of the smaller pixel size.

There is an exciting possibility, under consideration, to enhance the low-momentum hadron-
identification capabilities of the experiment by installing a TORCH detector. Such a detector
measures time-of-flight through detecting internally reflected Cherenkov light produced in a thin
(⇠1 cm) quartz plane with MCP photodetectors. A time resolution of 70 ps per photon and an
expected yield of ⇠30 photons per track will allow for kaons to be positively identified in the
region below 10GeV/c, where currently they can only be selected by using the RICH in ‘veto
mode’. Low-momentum proton identification would also become available. These improvements
would benefit flavour tagging, reconstruction of multi-body final states, physics with baryons
and spectroscopy studies. An R&D programme has been ongoing for several years which has

13
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What could we achieve with HL-LHC?

20

γ

smΔ & dmΔ

cbV/ubV

βsin 2

α

βγ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

LHCb 2018

CKM
f i t t e r

γ

smΔ & dmΔ

cbV/ubV

βsin 2

α

βγ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

LHCb 300/fb

CKM
f i t t e r

Figure 2.1: LHCb constraints from the dominant CKM observables to the apex of the unitarity
triangle (⇢̄, ⌘̄) with (left) current inputs (as of 2018) and (right) anticipated improvements with
300 fb�1 (⇠2038), assuming consistency with the SM [3]. Inputs from lattice QCD calculations
are required to obtain these constraints, with projections made for the expected future precision.

reduced theoretical uncertainties in measurements of the CP -violation parameters �s and � and
allowing for probes of NP at tree-level.

The golden SM benchmark is the CKM angle �, which can be determined with negligible
theoretical uncertainty entirely from tree-level processes such as B�

! DK� decays. There are
several complementary methods for determining �, involving di↵erent intermediate neutral D
meson decays, and their dominant systematic uncertainties arise from di↵erent sources. This
provides robustness against systematic uncertainties, with current estimates of the relevant
e↵ects indicating that systematic uncertainties will remain sub-limiting even with the full LHCb
Upgrade II statistics. The latest data from LHCb give a measurement of � with a precision of
⇠ 4� [9,10] which can be compared to the indirect precision from all other CKM inputs together
which have an uncertainty of ⇠ 1�. With LHCb Upgrade II the uncertainty will be reduced
down to ⇠ 0.35�, meaning that � will become the most precise SM benchmark of the CKM
paradigm against which all other CKM observables can be compared. The ECAL upgrade will
allow fully reconstructed B�

! D⇤K� decays to also be used, which will help to achieve the
ultimate sensitivity on �.

The prospects for measurements of |Vub| and |Vcb| with the Upgrade II detector are particularly
appealing. While Belle II will measure these quantities from both inclusive and exclusive decays
of light B mesons, LHCb has demonstrated that competitive sensitivity can be achieved with
exclusive decays of B0

s [29] and ⇤0

b [30] hadrons. Additional complementary measurements that
are currently inaccessible, e.g. those involving decays of B+

c mesons, will become feasible with the
large Upgrade II dataset. Furthermore, the planned detector improvements in Upgrade II will
greatly enhance the opportunities for Vub extraction with the B0

s ! K�µ+⌫µ decay. The removal,
or thinning, of the VELO’s RF foil will improve significantly the capability to distinguish signal
from background, while the TORCH detector will provide accurate particle identification of
the low momentum objects that typically arise in these decays. Progress in the measurement
of |Vub/Vcb| requires reduction of experimental systematic uncertainties, as well as improved
external inputs both for charm hadron branching fractions and calculations of form factors. All
of these appear achievable, based on currently available information.

A comparison of the current LHCb CKM constraints with the predicted Upgrade II sensitivity
can be seen in Fig. 2.1, showing the unprecedented precision that can be reached. A summary
of the predicted sensitivity to some key flavour observables is shown in Table 2.1.

New Physics in CP Violation. Generic new physics models often provide new sources of
CP violation, which could be related to the origin of the matter–antimatter asymmetry of the
Universe. The CP -violating weak phase �s is a particularly sensitive probe of new physics models
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Figure 2.1: LHCb constraints from the dominant CKM observables to the apex of the unitarity
triangle (⇢̄, ⌘̄) with (left) current inputs (as of 2018) and (right) anticipated improvements with
300 fb�1 (⇠2038), assuming consistency with the SM [3]. Inputs from lattice QCD calculations
are required to obtain these constraints, with projections made for the expected future precision.

reduced theoretical uncertainties in measurements of the CP -violation parameters �s and � and
allowing for probes of NP at tree-level.

The golden SM benchmark is the CKM angle �, which can be determined with negligible
theoretical uncertainty entirely from tree-level processes such as B�

! DK� decays. There are
several complementary methods for determining �, involving di↵erent intermediate neutral D
meson decays, and their dominant systematic uncertainties arise from di↵erent sources. This
provides robustness against systematic uncertainties, with current estimates of the relevant
e↵ects indicating that systematic uncertainties will remain sub-limiting even with the full LHCb
Upgrade II statistics. The latest data from LHCb give a measurement of � with a precision of
⇠ 4� [9,10] which can be compared to the indirect precision from all other CKM inputs together
which have an uncertainty of ⇠ 1�. With LHCb Upgrade II the uncertainty will be reduced
down to ⇠ 0.35�, meaning that � will become the most precise SM benchmark of the CKM
paradigm against which all other CKM observables can be compared. The ECAL upgrade will
allow fully reconstructed B�

! D⇤K� decays to also be used, which will help to achieve the
ultimate sensitivity on �.

The prospects for measurements of |Vub| and |Vcb| with the Upgrade II detector are particularly
appealing. While Belle II will measure these quantities from both inclusive and exclusive decays
of light B mesons, LHCb has demonstrated that competitive sensitivity can be achieved with
exclusive decays of B0

s [29] and ⇤0

b [30] hadrons. Additional complementary measurements that
are currently inaccessible, e.g. those involving decays of B+

c mesons, will become feasible with the
large Upgrade II dataset. Furthermore, the planned detector improvements in Upgrade II will
greatly enhance the opportunities for Vub extraction with the B0

s ! K�µ+⌫µ decay. The removal,
or thinning, of the VELO’s RF foil will improve significantly the capability to distinguish signal
from background, while the TORCH detector will provide accurate particle identification of
the low momentum objects that typically arise in these decays. Progress in the measurement
of |Vub/Vcb| requires reduction of experimental systematic uncertainties, as well as improved
external inputs both for charm hadron branching fractions and calculations of form factors. All
of these appear achievable, based on currently available information.

A comparison of the current LHCb CKM constraints with the predicted Upgrade II sensitivity
can be seen in Fig. 2.1, showing the unprecedented precision that can be reached. A summary
of the predicted sensitivity to some key flavour observables is shown in Table 2.1.

New Physics in CP Violation. Generic new physics models often provide new sources of
CP violation, which could be related to the origin of the matter–antimatter asymmetry of the
Universe. The CP -violating weak phase �s is a particularly sensitive probe of new physics models
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Figure 2.3: Projected sensitivity with LHCb Upgrade II to the parameters of CP violation
in charm mixing, |q/p| and �D, assuming the current central values of experimental observ-
ables. Contours shaded with di↵erent darknesses indicate 68.3% and 95.4% confidence levels,
corresponding to 1 and 2� respectively.

New Physics in Charm. Charm hadrons provide a unique opportunity to measure CP
violation associated with processes mediated by up-type quark transitions, such as D0–D0

mixing. These can be a↵ected by NP contributions in fundamentally di↵erent ways to the
down-type quarks that make up the kaon and beauty systems. Since the SM level of CP
violation expected in the charm system is extremely small, O(10�4), any significantly larger
asymmetry would be a clear NP signature [36]. LHCb made the first observation of CP violation
in charm decays [5] with the measured asymmetry parameter �ACP potentially consistent
with, but at the top end of, the SM predictions. Measurements with other charm species and
decays will allow us to understand whether the observed e↵ect can be explained within the
SM. LHCb has also recently established the mass di↵erence between charm mass eigenstates,
which determines the oscillation frequency, with more than 5� significance [37], paving the way
for future precision searches of associated CP -violation e↵ects. LHCb Upgrade II is the only
experiment that can achieve a detailed study of this new research area, especially since it has
the best sensitivity to the key observables related to CP violation in D0–D0 mixing. Projected
sensitivities for �ACP and for the variables A� [38] and �x [37], which are measures of CP
violation in charm mixing processes, are shown in Table 2.1. These and other measurements
can be combined to obtain constraints on the fundamental parameters of CP violation in
charm mixing, |q/p| and �D, for which extrapolations of the sensitivity are shown in Fig. 2.3.
These extrapolations assume that the measurements are not limited by irreducible systematic
uncertainties, but are otherwise conservative in that they are based on modes for which LHCb
has already published results. Significant further improvement in precision is possible using
additional modes such as D0

! K⌥⇡±⇡+⇡� [3]. With the precision on |q/p| and �D reaching
0.0020 and 0.15�, respectively, with 300 fb�1, LHCb Upgrade II is the only planned facility with
a realistic possibility of observing CP -violating phenomena in charm mixing.

New Physics in Rare Decays. The absence of tree-level FCNC transitions is a feature that
is highly specific to the SM. There is no fundamental reason or “natural” cancellation which
provides this; consequently, generic NP models often provide sources of FCNCs. Decays which
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Figure 2.6: Projected sensitivity to the di↵erence between muon and electron mode contributions
to the vector, C9, and axial-vector, C10, couplings under the SM (blue), NP with a pure vector
contribution (green), NP with both vector and axial-vector contributions (red). Blue, red and
green filled regions show the 3� uncertainty contours under each scenario with the Upgrade II
datasets. The grey region shows the current 3� uncertainty.

demonstrated a proof-of-principle measurement of the W mass, with a precision of 32 MeV [83].
That measurement only utilised muonic W decays but the planned improvements to the LHCb
ECAL during Upgrade II will permit a complementary measurement of the W mass using
electrons. Control over the systematic uncertainties will be greatly enhanced by the available
yields in Z boson decays to both electron and muon final states. With the full Upgrade II
dataset, and using both electron and muon decay channels, a statistical precision on the W
mass of a few MeV is possible. These measurements will be essential to the realisation of a final
HL-LHC W mass determination at the HL-LHC with a total uncertainty at the few MeV level.

LHCb’s geometry also enables a precise measurement of the e↵ective weak mixing angle,
sin2 ✓e↵

W
, through the forward-backward asymmetry of leptons from Z ! `+`� decays, since at

the higher Z rapidities inside LHCb’s acceptance the asymmetry is larger than in the central
region covered by ATLAS and CMS. The measurement of sin2 ✓e↵

W
with Z ! µ+µ� decays with

the Run 1 dataset [84] demonstrates that the yields available with LHCb Upgrade II will be
su�cient for a world-leading measurement [85]. Many of the systematic uncertainties originate
from the same sources as those that a↵ect the W mass determination, and again use of both
electron and muon final states will help to minimise the total uncertainty.

LHCb’s vertexing capability provides excellent discriminating power between di↵erent types
of heavy flavour jet [86], which can be exploited for a range of important measurements. For
example, with LHCb Upgrade II it will be possible to determine the inclusive tt production
cross-section in the forward region to ⇠ 4% precision. Moreover, with a data sample of at least
300 fb�1, and assuming detection capability at least as good as with the current detector, LHCb
will be able to place the most stringent constraint at the HL-LHC on the charm Yukawa coupling,
of ⇠ 2ySM [87].
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Vastly improved precision of CKM 
triangle Run 6

Improved ability to classify 
possible NP from Rx anomalies

Detailed studies of 
CPV and mixing in 
charm

Please note: LHCb can’t do it alone, 
these projections assume lots of hard 
work from LHC collider experts, some 
improvements from theory and updated 
measurements from other experiments!

Many more predictions: 
CERN-LHCC-2021-012  
LHCB-PUB-2018-009
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Summary
‣ LHCb collected 9fb-1 of high quality data in 2011-2018 

• More about the physics we’ve achieved with this so far in the next few talks 
• Many analyses ongoing 
‣ LHCb Upgrade I is in commissioning 

• Last subdetector installation scheduled for this Winter 
• Commissioning of hardware, software, online system progressing well 
• Expecting 10x more data (with 20x more hadronic events) 
‣ Plans underway for LHCb Upgrade II 

• Expecting large pile up to reach 300 fb-1 
• New technologies currently under investigation!
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Run 3 Vertexing performance
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