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The LHCb experiment
 A forward spectrometry at the LHC 

designed to the study of heavy 
flavour physics

 The LHCb collaboration
• 1250 Members, from 79 institutes in 18 

countries (by 17 September 2018)
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LHC
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The Physics of LHCb
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Indirect search for New Physics 
via precision measurements of CKM, CPV and RD

 QCD +EW precision measurements 
at large rapidity

 Hadron spectroscopy

 Direct search of new 
particles beyond SM

 Heavy-ion physics 

Requirements of HF

 Vertex resolution

 Time resolution

 Momentum resolution

 PID

 Efficient trigger

Decay of 𝑏-hadrons



The LHCb detector
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Int. J. Mod. Phys. A 30 (2015) 1530022

Beam1 Beam2

Collision 
point

顶点精度:
时间分辨率:
动量分辨率:
质量分辨率 :
强子鉴别:
缪子鉴别:
电磁量能器:

𝝈𝐈𝐏 = 𝟐𝟎 𝛍𝐦
𝝈𝝉 = 𝟒𝟓 𝐟𝐬 for 𝑩𝒔

𝟎 → 𝑱/𝝍𝝓 or 𝑫𝒔
+𝝅−

𝚫𝒑/𝒑 = 𝟎. 𝟒 ∼ 𝟎. 𝟔% (5 – 100 𝐆𝐞𝐕/𝒄)
𝝈𝒎 = 𝟖𝐌𝐞𝐕/𝒄𝟐 for 𝑩 → 𝑱/𝝍𝑿 (constrainted 𝒎𝑱/𝝍)
𝜺 𝑲 → 𝑲 ∼ 𝟗𝟓% mis-ID 𝜺 𝝅 → 𝑲 ∼ 𝟓%
𝜺 𝝁 → 𝝁 ∼ 𝟗𝟕% mis-ID 𝜺 𝝅 → 𝝁 ∼ 𝟏 − 𝟑%

𝚫𝑬/𝑬 = 𝟏⊕ 𝟏𝟎%/ 𝑬 (𝐆𝐞𝐕)



Performance of the LHCb detector
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Trigger
Mass resolution

Decay time 
resolution ~𝟒𝟎 𝐟𝐬

Primary Vertex

TV

SV

Hadron ID
(𝑲/𝝅 separation)

Vertex resolution
𝝈𝐈𝐏: 𝟏𝟎 − 𝟖𝟎 𝐟𝐬



Data taking (run1+run2)
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2010    2011   2012   2013   2014    2015   2016    2017    2018

 A huge amount of 𝑏ത𝑏 and 𝑐 ҧ𝑐
have been produced
• ∼ 1012 𝑏ത𝑏

• ∼ 1013 𝑐 ҧ𝑐

 Many impressive results 
have been achieved
• Mostly based on the Run1 data 

( 3 fb−1)

• Some analyses used 5 fb−1 data

More than 9 fb−1 accumulated 
in Run1+Run2



Spectroscopy: observation of 𝑷𝒄
+ and 𝜩𝒄𝒄

++

 Observation of two pentaquarks in the 𝐽/𝜓𝑝
spectrum of 𝛬𝑏

0 → 𝐽/𝜓𝑝𝐾− decays (2015)
• Full amplitude analysis performed

 Observation of the doubly charmed baryon 
𝛯𝑐𝑐
++ → 𝛬𝑐

+𝐾−𝜋+𝜋+ (2017)
• Mass and lifetime measured

• Confirmed in the 𝛯𝑐𝑐
++ → 𝛯𝑐

+𝜋+ decay
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• The LHCb China groups have been playing a leading 

role in these observations

• Essential inputs from Chinese theorists

PhysRevLett.115.072001

PhysRevLett.119.112001



CPV: 𝝓𝒔 measurement

 The phase angle 𝜙𝑠 of 𝐵𝑠
0 − ത𝐵𝑠

0 mixing is a 
benchmark measurement of LHCb
• SM prediction: 𝝓𝒔

𝑺𝑴 = −𝟎. 𝟎𝟑𝟖 ± 𝟎. 𝟎𝟎𝟏 rad

• New Physics could introduce large 𝜙𝑠
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Direct decay

Mixing

LHCb combination with the Run1 data
𝝓𝒔 = +𝟎. 𝟎𝟎𝟏 ± 𝟎. 𝟎𝟑𝟕 𝐫𝐚𝐝

World average
𝝓𝒔= −𝟎. 𝟎𝟐𝟏 ± 𝟎. 𝟎𝟑𝟏 𝐫𝐚𝐝

𝝓𝒔 ≡ 𝝓𝐦𝐢𝐱 − 𝟐𝝓𝐝𝐞𝐜

• The world average dominated by 

the LHCb result

• The LHCb China groups have 

been playing a leading role

PRL 114 (2015) 041801

JHEP 08 (2017) 037



Upgrade to deepen our understanding of HF ...
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Plan of the LHC(b) upgrade

LHCb up to 2018 𝟗 𝐟𝐛−𝟏

Demonstrated feasibility of 
high precision flavour
physics at hadron colliders

Find/rule out large sources 
of NP at the TeV scale
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𝓛𝐦𝐚𝐱 = 𝟒 × 𝟏𝟎𝟑𝟐 𝐜𝐦−𝟐𝐬−𝟏

1.1 visible interactions 
per bunch crossing

𝓛𝐦𝐚𝐱 = 𝟐 × 𝟏𝟎𝟑𝟑 𝐜𝐦−𝟐𝐬−𝟏

5.5 visible interactions 
per bunch crossing

𝓛 = 𝟐 × 𝟏𝟎𝟑𝟒 𝐜𝐦−𝟐𝐬−𝟏

55 visible interactions 
per bunch crossing

LHCb Upgrade I  ≥ 𝟓𝟎 𝐟𝐛−𝟏

 Increase trigger efficiency

Aim at experimental 
sensitivities comparable to 
theoretical uncertainties

LHCb Upgrade II  ≥ 𝟑𝟎𝟎 𝐟𝐛−𝟏

Take full profit of HL-LHC

Physics document has been 
submitted to LHCC arXiv:1808.08865

LHC

HL-LHC

𝓛𝐦𝐚𝐱

→ 𝟓𝓛𝐦𝐚𝐱
𝓛𝐦𝐚𝐱

→ 𝟏𝟎𝓛𝐦𝐚𝐱

We are here



LHCb Upgrade I

2018/10/28 杨振伟 清华大学高能物理研究中心 12

 Installation in 2019 and 2020
Aiming at 50 fb−1 by 2029



How to increase the LHCb statistics significantly?

 LHCb up to LS2 (2018)
• Running at levelled luminosity of 
~ 𝟒 × 𝟏𝟎𝟑𝟐 𝐜𝐦−𝟐𝐬−𝟏, pile-up~1 

• First level hardware trigger running at 
event rate ~1 MHz

• Record ~12 kHz (0.6 GB/s) 
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LHCb Upgrade
 LHCb Upgrade I (2021-)

• Increase luminosity to a levelled
𝟏 − 𝟐 × 𝟏𝟎𝟑𝟑 𝐜𝐦−𝟐𝐬−𝟏, pile-up~5 

• Run fully flexible and efficient 
software trigger up to 40 MHz

• Record with 2-5 GB/s 

The most severe bottlenecks:
• Hardware trigger limited to ~ 1 MHz
• Tracking reconstruction



The LHCb Upgrade I detector
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 A complete new detector
• All sub-detectors read out at 40 MHz for a fully software trigger

 Tracking system
• VELO: Silicon strip  55 × 55 μm2 PIXEL

• TT UT: Silicon strip  Silicon microstrip

• T1-T3SciFi: Straw + silicon microstrip
 Scintillating Fibre Tracker

 PID system
• RICH: HPD  MaPMT

improved optics + mechanics

• ECAL/HCAL: remains the same
ECAL inner modules replaced in LS3

• Muon: increased granularity



Expected detector performance

 Compare upgraded LHCb with current LHCb in upgrade condition
• Resolution improved, efficiency increased, fake rate decreased
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Scintillating Fibre (SciFi) tracker
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 11,000 km of ∅250 μm fibres

 524k SiPM channels
• cooled down to −40℃

 3 planes of modules

Readout electronics)

 PASIFIC ASICs carrier 
board designed by 
Tsinghua & Heidelberg

 ASIC QA and carrier 
board QA system 
developed by Tsinghua

12000 ASICS, 2500 carrier boards

PACIFIC ASICs

Carrier Board

Four ASICs



SciFi electronics QA system

 The first bunches of ASICs tested by 
Tsinghua in May

 The first 22+228 carrier boards produced, 
tested and sent to CERN for testbeam in July 
and October

 A team sent to Barcelona and Valencia in 20 
October to set up the QA systems (returned 
this morning)
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21 Sept. at Tsinghua

20 Oct. at Tsinghua 22 Oct. at Barcelona 24 Oct. at Valencia

28 Oct. at Tsinghua



Carrier Board QA results
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 228 Carrier Boards tested
• 196 Boards are working
• 32 Boards are failed

86.0%

9.2%

2.2% 1.8% 0.4% 0.4%
0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

Working baseline too
low

cannot find
idealDAC to

trim

ASIC database
problem

input bad current fails

86.0%

9.2%
2.2% 1.8% 0.4% 0.4%The ASIC test criteria tuned according 

to the result of the first bunch of 
Carrier Boards



LHCb Upgrade trigger 
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 Hardware triggerless
• 30 MHz inelastic event rate
• Online calibration and alignment

 Full reconstruction and physics analysis in 
real time
• Save output in the "Turbo" scheme: only part of 

the event, e.g. primary vertex (PV) + secondary 
vertex (SV) + daughter tracks of triggered signals
• Already used in Run2

• Save to disk at 2-5 GB/s
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LHCb Upgrade II(+Ib)
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EOI submitted in 2017 (CERN-LHCC-2017-003)
Physics document submitted in 2018 

(arXiv:1808.08865) 
Aiming at 300 fb−1 after 2030

Consolidate in LS3
Major upgrade in LS4



LHCb Upgrade II detector
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 Great challenge in detector R&D 
to cope with pile-up ~ 50

 Timing information essential to 
some subdetectors

 Feasibility studies started 

 Tsinghua started the simulation 
study of ECAL in the beginning of 
2018
• Fast sim + full sim
• 5D ECAL: (𝐸, 𝑥, 𝑦, 𝑧, 𝑡)



Physics case: 𝜙𝑠
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 Dominated by LHCb, with competition from other experiments

 Current precision with 𝐵𝑠
0 → 𝐽/𝜓𝜙 is 49 mrad

• 20-30 mrad with full Run1+Run2
• ~10 mrad with 50 fb−1

• ~ 4 mrad with 300 fb−1
𝝓𝒔
𝐒𝐌 = −𝟑𝟖 ± 𝟏𝐦𝐫𝐚𝐝

PRL 114 (2015) 041801

JHEP 08 (2017) 037



Physics case: 𝛾
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 LHCb average 𝜸 = 𝟕𝟒. 𝟎−𝟓.𝟖
+𝟓.𝟎 °

• Run1+Run2: 3 − 5 fb−1

• World average 𝜸 = 𝟕𝟑. 𝟓−𝟓.𝟏
+𝟒.𝟐 °

• Indirect determination:  𝛾 = 65.3−2.5
+1.0 °

 Expected uncertainties
• < 4° with full Run1+Run2

• ~0.9° with 50 fb−1

• < 0.35° with 300 fb−1

LHCb-CONF-2018-002



Physics case: 𝐵 𝑆
0 → 𝜇+𝜇−

ℬ 𝐵𝑠
0 → 𝜇+𝜇− /ℬ 𝐵0 → 𝜇+𝜇− expected to be measured with 10% 

uncertainty with 300 fb−1

 Effective lifetime with an uncertainty of ~ 2%
• Good discrimination between NP models

Worthwhile measurement (~20%) of CP asymmetry – impossible at 
Upgrade I
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PRL 119 (2017) 191801



Physics case: hadron spectroscopy

 Much more 𝑏- and 𝑐-hadrons would be produced with the Upgrade

 A gold mine of hadron spectroscopy studies
• Observation of new states
• Precision determination of the characteristics of observed hadrons
• Understand the nature of these states and strong interactions
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arXiv:1808.08865



Physics case: Higgs

 Potential for best Higgs to 
charm limits at the LHC

Unique sensitivity for BSM 
long-lived and dark sector 
particles
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arXiv:1808.08865



Summary

 LHCb has emphatically demonstrated its ability to make 
discoveries and perform unique measurements in topics beyond 
flavour physics

 LHCb Upgrade I detector will be installed during LS3
• Hardware trigger at event rate ~30 MHz
• Real time event construction
• Expect 23 fb−1 by 2025 and 50 fb−1 by 2029

 LHCb Upgrade II aiming at 300 fb−1 with fully new detector to 
deepen our understanding of heavy flavour physics

 Your inputs are essentially welcome
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Thank you
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Backup slides
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Rare decays: 𝐵 𝑆
0 → 𝜇+𝜇−

 Very suppressed in Standard Model, sensitive to NP 

 Observation of 𝐵𝑠
0 → 𝜇+𝜇− by combined LHCb&CMS data in 2015

 Observation of 𝐵𝑠
0 → 𝜇+𝜇− by a single experiment (LHCb) in 2017
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CKM: 𝛾 measurement

 LHCb average 𝜸 = 𝟕𝟒. 𝟎−𝟓.𝟖
+𝟓.𝟎 °

• World average 𝜸 = 𝟕𝟑. 𝟓−𝟓.𝟏
+𝟒.𝟐 °

• Indirect determination:  𝛾 = 65.3−2.5
+1.0 °
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The LHCb Upgrade: status and plan

 The LHCb Upgrade (1a) 
during  LS2 (2019-2020) 
was planned in 2011
• ℒmax : 4 × 1032 cm−2 s−1

 2 × 1033 cm−2 s−1

• Aiming at 50 fb−1 by 2029

 The Upgrade (1b)+(2) 
during LS3 (2024-2026) and 
LS4 (2030) is being planned
• ℒmax : 2 × 1033 cm−2 s−1

 2 × 1034 cm−2 s−1

• Aiming at 300 fb−1 by 2036
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𝟓𝟎 𝐟𝐛−𝟏 𝟑𝟎𝟎 𝐟𝐛−𝟏
Now

𝟗 𝐟𝐛−𝟏

积分亮度
𝟓𝟎 𝐟𝐛−𝟏

积分亮度
30𝟎 𝐟𝐛−𝟏

积分亮度
𝟗 𝐟𝐛−𝟏
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check initial 

current and 

save the record

write then readback

a single register

vth1_common = 10 

[I2C fail]

Set LDINIT = ‘0’, then LDINIT = ‘1’

readback Vth1_common

Is it changed and same as default value?

[LDINIT bad connection]

Set ERR1GEN = ‘1’

read ERROR_counter （addr=0x153)

Is ERROR_counter = 1 ?

Is pin ERROR1 = ‘1’ ?

[ERROR1GEN bad connection]

Set ERR1GEN = ‘0’,

Set Refresh = ‘0’ then Refresh = ‘1’

read ERROR_counter （addr=0x153)

Is ERROR_counter = 0 ?

[REFRESH bad connection]

Set DISACLK = ‘1’

write vth1_common = 10

readback

Is vth1_common = 10 ?

[DISACLK bad connection]

Set DISACLK = ‘0’

readback vth1_common  

Is vth1_common = 0 ?

[64 inputs bad connection]

set SYNC = ‘0’,

then set SYNC = ‘1’,

Do BER tests with 

~10K events

[sync bad connection]

set SYNC = ‘0’,

do BER tests with 

~1K events,

Should all readback 0

Enable charge injection, chargeAmp = 1

Threshold scan with common 

threshold Vth1_common for two 

integrators per channel

Determine the DC baseline variation

Trim DAC, 

Then redo 

threshold Scan

Loop over until DC baseline 

well tuned

Save results to database:

1) test log 

2) all parameters into a configuration file: PB_XX.conf, which can be read later by SciFi readout system.

3) after trimming DC-baseline distribution 

 1-D histogram of 0.5ratio-transition-DAC value for all channels (both Top and Bottom DAC) for each ASIC

 1-D histogram of difference of Top and bottom DAC within the same channel for each ASIC

[data output bad connections]

Read 1-wire 

boardID

(48bit)

[readID_fail]

If read boardID = 

0xFFF…FFF

Apply 30V on 

Vbias externally, 

check the ADC 

value

[voltageSensor_fail]

load the right settings for Vref and 

VrefDCFBngs ,check the configured 

current and save the record

[current fail]

if configured_current > ? fail

1) save the configuration file

2) load this config file

3) enable charge injection, 

chargeAmp = 1 !!!!

4)  thresholdScan, check DC 

baselines for all channels

1) [trimDAC fail] if there is any channel not fulfill abs(Top-
Bottom)≤2.5

2) Record number of failed channels for 4 ASICs
3) Save number of channels (Num_uniform_channels) for 4

ASICs: baseline in the range mean±2.5

1) set the threshold for each 

channel to be baseline+X (X 

depends on the amplitude of 

the injected charge)

2) Charge injection for 10K 

events, check whether all 

channels data = 1

PACIFIC Carrier Board QA Test Routine
[current fail]

if initial_current > ? fail

switch off the power line 

Start up:

1) power OFF

2) mount the Board 

3) power ON

4) read Board ID

5) scan ASICs QR

6) check all ASICs in DB are 

working/trimDAC_fails, to avoid 

bad ASICs on board ! 

1)disable charge injection

2)local thresholdScan

to determine the baseline of 

each channel

[baseline too low]
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LHCb Upgrade II detector
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 Great challenge in detector 
R&D to cope with pile-up ~ 
50

 Timing information essential 
to some subdetectors

 Simulation studies ECAL by 
Tsinghua has started in the 
beginning of 2018
• Fast sim + full sim
• 5D ECAL: (𝐸, 𝑥, 𝑦, 𝑧, 𝑡)

VELO
Pixels with 

Timing

UT
Micro
Strips

Magnet 
Side 

Stations

Inner/Middle
/Outer Traker

RICH
Timing / 

PID
TORCH

ECAL 
Spatial 

resolution 
& Timing

Muon
𝝁Rwell



Machine challenges
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CERN-ACC-NOTE-2018-0038: “a range of potential solutions for operating 

LHCb Upgrade II as a luminosity of up to 2 x 1034 cm-2 s-1 and permitting the 

collection of 300 fb-1 or more at IP8 during the envisaged lifetime of the LHC.”



Physics cases of Upgrade II: CPV
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Physics cases of Upgrade Ib: rare decays
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Physics cases of Upgrade II: rare decays
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